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quantitative multicolour STORM imaging by Edward Taylor 
Current single molecule localisation microscopy methods allow for multicolour imaging 
of macromolecules in cells, and for a degree quantification on molecule numbers in 
one colour. However, that has not yet been an attempt to develop tools capable of 
quantitative imaging with multiple colours in cells.  
This work addressed this challenge by designing linker peptides with chemospecific 
groups to allow attachment of activator and emitter dyes for STORM imaging, and a 
targeting module. The design ensured a stoichiometric ratio of targeting module to 
activator and emitter dyes. 
Peptides with HaloTag ligands attached were labelled with various activator and 
emitter pairs and used to label HaloTag fusions of S. pombe and mouse embryonic 
stem cells. These peptides were found to bind non-specifically to various areas of both 
cell types, and did not localise to HaloTag protein, whereas controls did. 
Another peptide was also labelled with activator-emitter pairs and attached to 
expressed anti-GFP and ant-mCherry nanobodies via native chemical ligation. The 
labelled anti-GFP nanobody was to demonstrate ensemble and single molecule 
imaging in S. pombe, as well as characterisation on single molecule surfaces in 
comparison to a conventional randomly labelled antibody. The stoichiometrically 
labelled nanobody had a more consistent number of photons detected per localisation, 
number of localisation per molecule and number of blinks per molecule, which implied 
that it could be more useful than randomly labelled nanobodies for counting 
experiments. It was also shown to be capable of specific laser activation for STORM 
imaging with both an Alexa405Cy5 and Cy3Cy5 pairs. 
These anti-GFP and anti-mCherry nanobodies and peptide linker are new tools for both 
counting and multicolour imaging in super-resolution, which could be widely applied to 





This thesis is the result of my own original work apart from Chapter 4, where the final 
data acquisition was carried out by David Virant, Ilijana Vojnivic, Bartosz Turkowyd 
from the Endesfelder group (Marburg, Germany) to correct for problems during original 
collection of the same data by myself. Also, mES cell culture and labelling was carried 
out by Dr Srinjan Basu. 
This work is not similar to any that has been previously or is currently being submitted 
for any other degree, diploma or qualification at the University of Cambridge nor any 
other University or institution. 
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One of the current challenges in biology is to understand how individual molecules 
such as proteins, nucleic acids, lipids and metabolites behave in vivo, with minimal 
external disturbance. This aim is necessary to better understand all the molecular 
mechanisms that underpin how life works and, therefore, medicine. A key method used 
to observe cells in their natural state is microscopy, which allows us to look at objects 
as small as 200 nanometers (nm) in diameter with minimal disturbance to the sample. 
When combined with biochemical methods modern microscopy is an essential tool for 
understanding how molecules, cells and small groups of cells such as embryos, 
colonies and biofilms work. This chapter focuses on the development of modern 
fluorescence and super-resolution microscopy together with the advantages and 
disadvantages of the field. 
1.1 A historical perspective 
1.1.1 White Light microscopy 
White light microscopy was invented circa 1620 with several claims to the original 
microscope. These systems used two lenses, as shown in Figure 1.1. The first 
discoveries and reports focused on detailed descriptions and drawings of small 
creatures and objects such as insects, but soon led to the discovery of things that are 
too small for the naked eye to see, such as cells and single-celled organisms like 
bacteria. 
The discovery of stains for different compounds, for example for bacterial cell walls, 
improved white light microscopy and led to the classification of gram-positive and 
gram-negative bacteria by their ability to stain with crystal violet. The construction of 
better lenses also allowed greater resolution to be achieved and more detail within 
cells to be seen. This work led to the detailed description of intracellular features such 
as the rough endoplasmic reticulum. The spots seen on this surface were later 
revealed to be ribosomes. 
This type of microscopy led to significant advances and understanding of biology, but 
had limitations of resolution and density. When imaging with white light the only way 
to distinguish different materials is by their density, and since most of the intracellular 
mass is made up of equally dense aqueous solution and contains very small 




Figure 1.1 – Design of a white light microscope. 
 
1.1.2 Fluorescence microscopy    
Microscopy developed further with the discovery of fluorescent molecules in the 
nineteenth and early twentieth century. The original fluorescent compounds were 
naturally occurring molecules such as chlorophyll (Brewster 1834) and quinine 
(Herschel 1845), but soon fluorescein was synthesised (von Baeyer 1871). The 
principles of fluorescence were worked out in the early twentieth century as shown in 
Figure 1.2. In brief, light of a specific wavelength excites a molecule’s electrons to a 
higher energy level, those electrons lose some energy through transitions between 
molecular vibrational and rotational energy levels, and when the electrons return to the 
ground state, light is re-emitted at a slightly longer wavelength. This increase in 




Figure 1.2 – Jablonski diagram of energy levels involved in fluorescence. S0 is the singlet ground state, and 
S1 are the singlet excited states. 
The first fluorescence microscope was built by Heimstaedt and Lehmann (1911-1913), 
who used it to study cellular auto-fluorescence. The concept was also used to study 
dye-binding in live cells (Von Prowazek 1914). Immunofluorescence (IF) was then 
combined with the imaging technology by labelling of antibodies (Abs) with fluorescein 
isothiocyanate (FITC; Coons, Creech, and Jones 1941). Ever since, IF has been widely 
used to study target proteins, and FITC is still commonly used, although there are now 
many more dyes that can be used and Ab technology has improved dramatically (see 
section 1.6.1).  
Modern fluorescence microscopes now use lasers instead of white light to specifically 
activate fluorophores at their excitation wavelength, and specific wavelength filters 
after the sample to remove the excitation laser light and maximise the fluorescence 
detected.  
The advantages of IF are that the location of specific molecules, which are likely 
invisible to white light microscopes, can be seen within cells; Abs have high specificity 
and with different coloured fluorescent dyes attached to two different Abs, two different 
target molecules can be imaged in the same sample. This has increased the flexibility 
of microscopy and has enabled us to learn more about the location and actions of 
proteins in cells.  IF has the disadvantage that it requires permeabilization to get Abs 
into cells, which can disturb the system.  
22 
 
Another limitation of fluorescence microscopy is that dyes like fluorescein cannot be 
resolved with molecular accuracy, due to the diffraction limit (Rayleigh 1879). This 
physical barrier considers all fluorophores (and other microscope and telescope 
specimens) as point sources, and a cone of light is collected from them by an objective 
lens. This produces an image of an Airy disc because the emitted light interferes with 
itself. Rayleigh somewhat arbitrarily decided that two point sources are optically 
resolvable if the central maximum of one Airy disc is no closer to the first diffraction 
minimum of the second, and thus derived a minimum resolvable distance called the 





Equation 1.1 – The Rayleigh Criterion  
Where dr is the resolution limit, λ is the wavelength of light emitted and NA is the 
numerical aperture of the microscope’s lens system (NA = n.sinθ, where n is the 
refractive index of the medium in between the objective and sample, and θ is the half 
angle of the cone of light collected by the objective). With modern optics in oil 
immersion systems, the NA can be up to 1.6, which means that the resolution limit  is 
152.5-228.75 nm for visible light (400-600 nm). This is an obstacle when trying to 
resolve molecules that are very close together, because macromolecules such as 
proteins are often only ~3-4 nm in diameter. As a result, multiple small-to-average size 
proteins can be found within the diffraction limit, making quantitative measurements 
very difficult.  
1.1.3 A spectrum of fluorescent proteins and dyes 
Further advancements to fluorescence microscopy came with the discovery of 
genetically encoded fluorophores such as fluorescent proteins (FPs). The first 
fluorescent protein, green fluorescent protein (GFP), was discovered by Shimomura, 
Johnson and Saiga in 1962, and was cloned (Prasher et al. 1992), and later expressed 
in E. coli and C. elegans (Chalfie et al. 1994; Inouye and Tsuji 1994). Wild-type GFP 
was genetically modified in several laboratories, most notably the Tsien laboratory 
(1995) to improve photophysical characteristics, folding and stability as well as 
changing the absorption and emission wavelengths to produce a palette of fluorescent 
colours. This was extended by the discovery of a second wild-type FP – dsRed from 
the coral Discosoma, which also had mutants designed to modify characteristics and 
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colour. A selection of some FPs and dyes that are relevant to this chapter are shown, 
spectrally arranged in Figure 1.3. 
 
Figure 1.3 – Absorption maxima of some photoswitchable (PS) dyes and photoactivatable-FPs (PA-FPs) 
from various sources (Dempsey et al. 2011; Grimm et al. 2016; Habuchi et al. 2006, Chroma® Spectra Viewer). 
Those in bold are referred to specifically in this thesis. 
FPs have the advantage over IF that they can be genetically tagged to a protein of 
interest and expressed in cells, which allows live cell imaging. The drawbacks of FPs 
are that they are often dimmer than fluorescent dyes used for IF; they often do not fold 
quickly so are not fluorescent and can induce artefacts such as multimerization of 
proteins caused by interactions of the FPs with each other.  
Development of new families of fluorescent dyes including the cyanines, xanthenes 
(rhodamines) and oxazines, among others, have also improved the capabilities of 
fluorescence microscopy. Dyes are now available to stain nucleic acids, for example 
ethidium bromide and the Hoechst dyes; or lipids, e.g. Nile Red. Some are also sold 
commercially with reactive groups for labelling molecules of interest specifically, this 
can include Ab labelling, as discussed in section 1.6.1. The general advantages of 
modern dyes over FPs are their brightness, which makes detection and resolving them 
easier and the different types that bind different substances is practically very useful. 
The small size of dyes compared to FPs is also beneficial as is the fact that some of 
the families are net uncharged, so are membrane permeable, which suits live cell 
imaging studies. These advances now allow many different types of experiments to be 
done to yield important insight into the function of macromolecules in cells. 
However, none of these advances in fluorophore technology can resolve fluorophores 
when they are closer together than the Rayleigh diffraction limit, so these types of 
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studies are termed ensemble or bulk experiments, where it is usually impossible to 
resolve single fluorophores. The limitation imposed by the diffraction of light means 
that certain types of information like numbers of molecules and precise locations 
cannot be attained with these types of fluorophores. 
1.2 Super-resolution microscopy 
Super-resolution (SR) microscopy, is a group of techniques that allow one to look at 
individual molecules rather than a population. They are instrumental in understanding 
sub-diffraction limit structures and interactions between macromolecules. 
SR methods circumvent the Rayleigh diffraction limit for visible light (200-300 nm), 
allowing image resolution improvements of up to ten-fold (to ~20 nm). These methods 
include techniques such as: stimulated emission depletion (STED), ground-state 
depletion (GSD) and saturated structured illumination microscopy (SSIM), as well as 
inherently single-molecule localisation microscopy (SMLM)  methods such as 
photoactivation localisation microscopy (PALM; Betzig et al, 2006; Hess et al, 2006), 
fluorescence PALM (fPALM), stochastic optical reconstruction microscopy (STORM; 
(Bates, Blosser, and Zhuang 2005; Rust, Bates, and Zhuang 2006)) and direct STORM 
(dSTORM; Heilemann et al, 2008); for review see (Fernandez-Suarez & Ting, 2008). 
There is a general division between the SMLM methods and others that are considered 
as SR, although in some cases these SR experiments may actually be imaging single 
molecules. The difference in definition comes from the way these methods overcome 
the diffraction limit. SMLM methods exceed the diffraction limit by activating single 
fluorophores individually, whereas, other SR methods work on the principle of 
activating all the molecules within a certain limited volume, which if small enough may 
be a single molecule. Both categories and each individual method has distinct niches 
that suit them best, for example STED, as a scanning method, is generally used for 
fast collection of small fields of view or scanning of large or deep samples (Thorley, 
Pike, and Rappoport 2014), whereas, PALM is suited for live cell imaging, dSTORM is 
most often used for imaging high resolution structure in fixed cells and STORM is used 
for simultaneously imaging many different colours. Here I focus on SMLM techniques. 
1.3 Principles of single-molecule localisation microscopy (SMLM)  
SMLM methods rely on the properties of photoactivatable (PA) and photoswitchable 
(PS) fluorophores, which allow imaging of one or a few molecules per camera 
exposure. The basic principle is that these fluorophores are normally invisible at the 
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imaging wavelength (in a dark state), but can be photoactivated/switched with a low 
power laser so that they fluoresce one-at-a-time, producing a single diffraction limited 
spot. A schematic depiction of localising a single fluorophore is shown in Figure 1.4. 
On a camera, the fluorescence of a single diffraction limited spot is detected across 
several pixels. Each of those pixels records a certain amount of light (photons) so that 
the pixel at the centre of the spot is brightest and the others around it less bright 
producing a histogram of light intensity across those pixels. The point source of this 
spot can then be identified by fitting the point spread function (PSF), typically a 
Gaussian curve, to the histogram of light intensity detected. Once a Gaussian has been 
fitted, it’s centre point can be taken as the localisation of the molecule. The centre-
point of the Gaussian cannot be calculated with absolute certainty, so the precision of 
the localisation is determined from the PSF. The better the PSF, the more precise 
(narrow) the localisation. The precision is therefore determined by how many photons 
are collected in the diffraction limited spot and how big it is in camera pixels. These are 
dependent on the brightness of the fluorophore, the length of the exposure needed to 
detect the spot, and the number of pixels across which that spot is spread. 
An alternative method to using PA or PS fluorophores is to use fluorophores that diffuse 
in liquid of the sample, and transiently bind to a site of interest. These fluorophores are 
always in the on-state, so produce background fluorescence, but when they bind to a 
site the fluorescence produced at that spot is greater than background, which creates 
a diffraction limited spot, in the same way as a PA or PS fluorophore does, so they can 
be localised in the same way. This method is named point accumulation for imaging in 
nanoscale tomography (PAINT). 
This process of activation/binding, imaging and localisation is carried out repeatedly to 
collect images of many molecules very quickly, and the images can then be super-
imposed to produce a reconstructed image with many SM localisations. Localisation of 
each fluorophore to a sub-diffraction limited area means that the resolution of these 
images can be routinely be 20 nm (Rust, Bates, and Zhuang 2006; Bates et al. 2007; 
Cognet and Lounis 2014; Jones et al. 2011). Indeed, some imaging has been done to 
resolve fluorophores to much greater accuracy, such as 4Pi-SMLM in the Hell 
laboratory (Aquino et al. 2011), which has increased resolution to less than 10 nm by 
collection light from 2 objectives, and PAINT, which has been reported to achieve 
resolution of 5 nm (Schnitzbauer et al. 2017).  
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SMLM experiments therefore consist of: recording a video in which fluorophores are 
made to produce diffraction limited spots until there are all bleached. The 
reconstruction of a SR image from that video is then carried out by one of various 
programs to find all the localisations, and then plot them as desired. Several programs 
are openly available including rapidSTORM (Wolter et al. 2012, 2010); PeakFit (an 
ImageJ plugin; Palayret et al. 2015; Herbert 2014), GraspJ (Brede and Lakadamyali 
2012), and ThunderSTORM (Ovensy et al, 2014) among many others. Comparisons 
and evaluations have been made of these different algorithms, which can act as a 
guide to which should be used for what purpose – seemingly there is no piece of 
software that is perfect for all experimental analyses (Small and Stahlheber 2014; Sage 
et al. 2015). 
Whilst the use of SR and SMLM techniques has provided new insight into many areas 
of biology since their advent over a decade ago, there remain significant challenges to 




Figure 1.4 - Principles of SR imaging using a spot fitted by PeakFit (Herbert 2014). A One diffraction limited 
spot is captured on a camera (pixel size 129 nm). B Representation of the histogram of number of counts detected 
in each pixel of the spot in the in the horizontal axis. A Gaussian is fit to the histogram. C The centre-point of the 
Gaussian is estimated mathematically. D The estimated precision with its associated error is used to create the 




1.3.1 STORM and dSTORM 
Two of the principle SMLM methods are STORM and dSTORM, the difference between 
which is important to understand. Both are based upon the use of reversible saturated 
optical fluorescence transitions (RESOLFT) or reducing and oxidising systems 
(ROXS), and indeed often both use the same cyanine dyes; Alexa647, Cy5, Cy5.5 and 
Cy7. However, the key mechanisms are different, and in the case of STORM not 
entirely understood. 
1.3.2 dSTORM 
Although STORM was introduced earlier (Bates, Blosser, and Zhuang 2005) than 
dSTORM (Heilemann et al. 2008) it is more logical to consider the simpler mechanism 
of dSTORM first. 
dSTORM was first carried out with the structurally analogous cyanine dyes Cy5 and 
Alexa647, which can be made to blink on and off for up to a hundred cycles under 
illumination with red laser light (Heilemann et al. 2008). A schematic for electron 
transitions in blinking dyes is shown in Figure 1.5A. Light excites the electrons in the 
ground state of the chromophore, causing it to fluoresce as normal. The rate of these 
transitions is on the nanosecond time scale, so in a typical frame on a camera, 
hundreds to thousands of cycles of this excitation and emission occur. In the presence 
of primary thiol reducing agents however, every few thousand excitation cycles, the 
excited electrons will instead transfer into a triplet state via inter-system crossing (ISC). 
This triplet state is not fluorescent. Cyanines can also be reversibly reduced on the 
unsaturated carbon bridge by primary thiols such as mercaptoethylamine (also known 
as cysteamine; MEA) or β-mercaptoethanol (BME), as shown in Figure 1.5C, which 
effectively quenches fluorescence. This ‘dark state’ exists on the millisecond time 
scale, until oxidation occurs. Once oxidised back to the ground state the chromophore 
is free to excite and fluoresce again. Hence, the reversible dark-state allows these dyes 
to blink, with most chromophores in the dark state at any one time at equilibrium. 
Importantly, this blinking is always carried out in reduced oxygen conditions by 
introducing an enzymatic oxygen scavenger system that slows oxidation back to the 




Figure 1.5 – dSTORM mechanisms and fluorophores. A Energy level diagram for blinking fluorophores such as 
Cy5 and Alexa647, which can be repeated until chemical photobleaching (based upon figure 4 from Van De Linde 
et al. 2013). B The different dye classes available for dSTORM including the cyanines Alexa647 and Cy5, 
hydroxymethyl silicon rhodamine-N-hydroxy succinimide (HMSiR-NHS) and Atto655-NHS. C The chemical 
mechanisms that underlie photoswitching of cyanines and rhodamines (adapted from Turkowyd, Virant, and 
Endesfelder 2016; Uno et al. 2014). The highlighted blue groups are those involved in blinking, the green and red 
areas show the delocalized electron systems that produce fluorescence and the red groups can be involved in 
linking to molecules of interest. 
The reduced forms of these dyes have a different absorbance spectrum to the ground 
state, notably it is able to absorb ultraviolet (UV) and blue light, which increase the rate 
of oxidation (Heilemann et al. 2005, 2008). As a result, 405 nm and 488 nm lasers at 
low power are used to increase the on rate of cyanines to facilitate faster imaging. 
dSTORM has also been achieved with Atto655 and Atto680 dyes under specific buffer 
conditions of 2-10 mM MEA or glutathione in phosphate buffered saline (PBS; S. Van 
De Linde et al. 2008; Wilmes et al, 2013), rhodamines (Lukinavičius et al. 2013; Uno 
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et al. 2014), and various other dyes with different conditions (Dempsey et al. 2011). 
Only the rhodamine and cyanine blinking mechanisms have been studied in detail, via 
intramolecular cyclisation and reduction, respectively, as shown in Figure 1.5C (Uno 
et al. 2014; Turkowyd, Virant, and Endesfelder 2016). The cyclisation equilibria of 
rhodamines are responsive to pH and altered by the identity of multiple groups in the 
fluorophore (e.g. R and Y in Figure 1.5) and these observations were used to produce 
silicon rhodamine (SiR) derivatives such as hydroxymethyl silcon rhodamine (HMSiR) 
that blink more effectively, at lower laser intensity (Uno et al. 2014). They are 
particularly interesting because they have a net neutral charge and so are cell 
permeable, which is critical for live cell imaging studies.   
Thus, dSTORM is feasible with several different types of dyes, but is rarely reported 
with rhodamines or other non-cyanines – presumably because it is difficult to get the 
correct conditions for blinking. 
1.3.3 STORM using activator-emitter pairs 
STORM was developed by the Zhuang laboratory (Bates et al. 2012; Huang, Wang, et 
al. 2008; Dempsey et al. 2011, 2009; Bates, Blosser, and Zhuang 2005; Bates et al. 
2007; Rust, Bates, and Zhuang 2006) and it has been reviewed by Van De Linde et al 
(2013). It uses activator-emitter pairs of dyes that rely on the same photoswitching 
mechanism of cyanines as with dSTORM, see Figure 1.5B and D.  
The activator fluorophore is excited by a laser, and the energy is transferred in a non-
radiative manner to the emitter dye during its excitation/ISC/reduction cycle (S. Van 
De Linde et al. 2013), presumably via the radical anion, bringing it out of the dark state 
and back to the ground state. Whilst fluorescent, the emitter can be imaged at its 
appropriate wavelength, until it is either returned to the dark state by thiol reduction 
(Dempsey et al. 2009; S. Van De Linde et al. 2013) or photobleached. These activator-
emitter pairs can be either covalently linked (Conley, Biteen, and Moerner 2008) or 
merely located within a short distance (~1-3 nm) from each other, for example on 
deoxyribonucleic acid (DNA) oligonucleotides (oligos) or a protein surface.  
The main advantage of this approach is that an emitter can be paired with many 
different activators and the non-radiative energy transfer mechanism still functions 
because there is no requirement for spectral overlap of the main absorption/emission 
peaks, as with Förster resonance energy transfer (FRET). Hence, different activator-
emitter pairs can be imaged in a sample simultaneously, allowing multicolour SMLM in 
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vitro (Bates et al. 2012, 2007) and in cells (Jones et al. 2011; Lakadamyali et al. 2012; 
Lubeck and Cai 2012; Huang, Jones, et al. 2008; Ricci et al. 2015). There is also the 
advantage that STORM acquisition only detects one read-out laser, whereas 
multicolour PALM and dSTORM detect two colours which must be well aligned and 
chromatic aberration corrected for, which is not necessary for STORM. Furthermore, 
simultaneous data collection with two or more read-out lasers requires post-acquisition 
data analysis to align the channels, collected on separate areas of the camera. STORM 
does not require this step. 
Thus far, mostly large or extracellular structures have been investigated using STORM 
(Conley, Biteen, and Moerner 2008; B. Huang et al. 2008; Lakadamyali et al. 2012; 
Lӧschberger et al. 2012; Xu, Babcock, and Zhuang 2012) and full advantage of 
STORM for imaging biological processes has not yet been taken, with some 
exceptions; (Dellagiacoma et al. 2010; Ricci et al. 2015). This is partly because means 
to efficiently make the various target probes with the appropriate dye pairs is lacking. 
This project will focus on the development of STORM for multicolour imaging of protein 
complexes by labelling each target molecule with specific activator-emitter pairs. It 
should thereby be possible to increase the number of proteins that can be imaged in a 
single sample, as well as potentially allowing quantification of numbers of target 
molecules. This has already been achieved when imaging messenger riobonucleic 
acids (mRNAs) using barcoding (Lubeck and Cai 2012), but target specificity and 




1.4 Applications of SMLM 
SR techniques, with their key advantage of high spatial resolution are suited to 
experimental aims where other methods would not be as effective. High resolution is 
most often needed for structural imaging, multicolour imaging and quantitative imaging. 
1.4.1 Structural imaging 
The obvious benefit of SR imaging is the high spatial resolution, which allows biologists 
to look at previously unresolvable structures and observe nanoscale organisation of 
macromolecules. Many examples of this have been made in the last decade, with 
primary focus on cytoskeletal structures such as actin fibres (Malkusch et al. 2012), 
microtubules (S. Van De Linde et al. 2008; Heilemann et al. 2008; Bates et al. 2007; 
Lampe et al. 2012; Malkusch et al. 2012) and the nuclear pore complex (NPC; Pleiner 
et al. 2015; Lӧschberger et al. 2012) among many others. Thus, new methods are 
often compared using these benchmark systems.  
1.4.2 Multicolour SMLM 
One of the most potentially useful applications of SMLM is multicolour imaging, in 
which two or more different molecules are labelled with blinking fluorophores and 
imaged to give high resolution images of both molecules. This can be used in several 
different types of analysis for example co-localisation, which asks whether two 
molecules are close together in space? This can be strong evidence of direct or indirect 
interactions, which is important to understanding function in cells. Several different 
approaches have allowed SM multicolour imaging. 
1.4.2.1 Multicolour dSTORM 
The principle of dSTORM has been used in several different ways to achieve 
multicolour SM images. The conceptually simplest method is to use one blinking dye 
to label two targets sequentially, which has been done with Alexa647 (Nanguneri et al. 
2012). This method relies upon complete bleaching of Alexa647 on one Ab, before 
labelling with a second. This is difficult to perform reliably because the first round of 
imaging is followed by a second staining, which may alter intracellular structures. The 
more commonly used method for dual colour dSTORM is to use two spectrally 
separated dyes for different targets, so that the emission wavelengths can be 
separated by different emission filter sets. Fluorophores can then be imaged 
simultaneously or sequentially depending on requirements. The differences between 
the required imaging setups are shown in Figure 1.6 and some examples are listed in 
33 
 
Table 1.1.  Spectral de-mixing (SD-dSTORM) of dyes imaged with the same laser has 
also been achieved, which works by illuminating two spectrally separated dyes with 
one laser, separating the emitted light with a dichroic mirror and recording both light 
paths. Localisations that appeared in both channels were assigned to a specific 
channel by intensity, which is characteristically different for Alexa647 and Alexa700, 
the latter being much dimmer. 
 
Figure 1.6 – Schematic imaging setup for sequential and simultaneous dual view dual colour imaging. A 
Sequential imaging dual colour setup B Simultaneous two colour imaging setup with dual view. Both schemes are 
designed for orange (561 nm) and red (641 nm) imaging in this case, but could easily be altered for orange and 
green (488 nm) imaging by changing the filter sets in the filter cube. The 405 nm and 488 nm lasers could be used 








Area of study Publication 
Alexa647 Alexa488 Podosomes (van den Dries et al. 2013) 
Alexa647 Atto520 NPC (Lӧschberger et al. 2012) 
Alexa647 Alexa658 Alpha-synuclein (Pinotsi et al. 2013) 
Alexa647 Alexa655 Receptors, lipid rafts (Gao et al. 2015) 
Alexa647 Alexa700 Clathrin and tubulin (Lampe et al. 2012) 
 
Table 1.1 – Dye combinations reported for multicolour dSTORM. 
Using a different optical and analytical system, Alexa647, Alexa680 and Alexa750 
have also been imaged simultaneously to allow triple-colour dSTORM in 2D and dual-
colour in 3D, using the same imaging laser and determining fluorophore identity by the 
characteristic number of photons per SM blink with reportedly low crosstalk (Baddeley 
et al. 2011).  
Clearly, Alexa647 is largely preferred for all variants of dSTORM, which is due to its 
good photophysical properties and slow bleaching in oxygen scavenger systems used 
with thiols to facilitate blinking. Other blinking dyes like Alexa488, Alexa680, Alexa700, 
Alexa750 and Atto520 are either dimmer or photobleach more easily (van den Dries et 
al. 2013; Dempsey et al. 2011), which means that dual and triple colour dSTORM is 
difficult although possible (Testa et al. 2010). The largest limitation for multicolour 
dSTORM is the lack of good dyes that blink under the same buffer conditions and are 
resistant to photobleaching. 
1.4.2.2 Multicolour PALM 
PALM is another SMLM method that has been extensively exploited for use in 
multicolour experiments, using several different combinations of PA- and PS-FPs, 
derived from both the GFP, dsRed, EosFP and Dronpa families. Most FPs are imaged 
either in the green (488 nm) or the orange channel (561 nm), and so one FP emitting 
in each channel must be used. Dual colour PALM relies on selection of fluorophores 
and a scheme that minimises crosstalk between channels, as is the case with 
dSTORM. The Betzig group used a method of pairing tandem dimer Eos (tdEos) and 
Dronpa, which relies on the RS nature of Dronpa to minimise its bleaching whilst 
activating both FPs with 405 nm light and imaging Eos at 561 nm to completion. They 
then serially activated Dronpa and imaged at 503 nm (Shroff et al. 2007). Other FP 
pairings have also been used, and are summarised in Table 1.2. (Brodehl et al. 2012). 
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Multicolour-PALM has the advantage of potential use in living cells because genetically 
encoded FPs no not require permeabilization. Another advantage is the FPs used are 
considerably smaller than Abs. The disadvantage is that sequential imaging will bleach 
some of the PS-CFP (cyan fluorescent protein) or Dronpa, so not all the second target 
can be imaged.  
An alternative method for dual-colour PALM is simultaneous read-out of two spectrally 
distinct PA-FPs. This has been done using simultaneous imaging setups (Figure 1.6), 
with primarily green and red emitting PA-FP pairs, which are summarised in Table 1.2. 
The continual development of FPs means that optimal pairs for dual colour PALM are 















Sequential Focal adhesion complexes, 
TCR clustering, 
cardiomyocyte and 
neuronal actin filaments, 
myogenesis 
Shroff et al. 2007 
Frost et al. 2010 
Hsu and Baumgart 2011 
Owen et al. 2010 
Yao and Tjian 2011 
Brodehl et al. 2012 
PA-GFP PA-mCherry 
PA-TagRFP 







Clathrin coated pits 
Various systems 
Rosenbloom et al. 2014 
Annibale et al. 2012 
Virant et al. 2017 
 
Table 1.2 – FP pairings reported for multicolour PALM 
The latest development of multicolour PALM imaging has been the application of 
primed conversion, which is a less toxic equivalent to 405 nm photoactivation. A 
combination of 488 nm and 750 nm light can be used with certain green-to-red FPs 
that have a threonine at position 69 (in Dendra2; Dempsey et al, 2015; Klementieva et 
al, 2016; Turkowyd et al, 2017). This was adapted for multicolour sequential imaging 
of PA-mCherry and Dendra2, because PA-mCherry is only UV-convertible whereas 
Dendra2 is primed convertible (Virant et al. 2017). 
PALM, like dSTORM, is, however, also limited in several ways: spectral separation is 
complicated because most PA and RS-FPs need a read-out laser as well as an 
activation laser, this makes schemes complicated and in particular too complicated to 
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allow three colour PALM. PALM has also been limited in the past by effects of 
multimerization caused by the FPs themselves. For example, wild-type dsRed naturally 
forms tetramers and so its derivatives such as mRFP (monomeric red fluorescent 
protein) and the mFruit series suffer from oligomerisation artefacts despite extensive 
efforts to prevent multimerization (Campbell et al. 2002; Shaner et al. 2004). The 
degree of oligomerisation of common PA and RS-FPs has been quantified (Cranfill et 
al. 2016), which shows that multimerization of monomerised FPs still occurs at high 
concentration.  
1.4.2.3 Multicolour PALM-STORM 
Whilst historically PALM and dSTORM have been investigated separately, several 
reports have also combined the two techniques to produce multicolour images. This is 
feasible because there are some PA-FPs and blinking dyes that have compatible buffer 
conditions. The pair used most often is mEos2 and Alexa647 which are both able to 
activate and blink, respectively, in oxygen depleted hydrogen carbonate, pH 8, with 
100 millimolar (mM) MEA to facilitate Alexa647 blinking. This pair has been imaged 
simultaneously using a dual view setup (Malkusch et al. 2012) and sequentially with 
Alexa647 read-out before Eos2 (Muranyi et al. 2013; Specht et al. 2013). These 
schemes were used in the Heilemann laboratory to study co-localisation with actin and 
its associated protein ezrin or human immunodeficiency virus type 1 (HIV-1) virion 
assembly, respectively. 
A third study combined dual colour PALM of PA-GFP and PA-TagRFP with dSTORM 
of HaloTag linked Atto655, resulting in triple colour super-resolution images in live cells 
(Wilmes et al. 2012). The scheme for this experiment was more like STORM than 
PALM or dSTORM because an activation laser (405 nm) pulse was followed by several 
read-out frames using a 488 nm laser to detect PA-GFP, then several read-out frames 
using a 568 nm laser for PA-TagRFP, and several frames of 640 nm for Atto655. This 
meant the channel assignment of the localisations in the video were determined by 
what imaging laser was being used at the time that frame was recorded. This is one of 
only two reports of triple-colour imaging for PALM or dSTORM (Baddeley et al. 2011), 
but neither has caught on as a standard approach, possibly because many 
localisations at wavelengths 1 and 2 will be lost when imaging at wavelength 3, this 
will result in approximately 1/3 of fluorophores of each type being imaged in total. This 
is critical for applications of multicolour SMLM that require localisations of as many of 
the present molecules as possible, like co-localisation and clustering. 
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1.4.2.4 Multicolour STORM 
As described in section 1.3.3, STORM uses activator-emitter pairs which are excited 
by one laser and read-out by another. This method is ideally suited for multicolour 
imaging. The general scheme for all STORM experiments is the same, continuous 
read-out of the emitter dye and alternating pulses at wavelengths suiting the activator 
dye (usually 405 nm, 488 nm and 561 nm). 
Two colour STORM has been carried using several different activator-emitter pairs, 
including Cy2Alexa647 and Cy3Alexa647 (Bates et al. 2007), Cy3/Alexa647 and 
Cy3/Alexa750 or Alexa405/Alexa647 and Cy3/Alexa647 in cells (Bates et al. 2012) and 
Alexa405/Alexa647 & Cy2/Alexa647 in to image neurones (Lakadamyali et al. 2012). 
Three colour imaging is also relatively straight forward by adding a third compatible 
activator dye and additional laser pulse into the STORM imaging scheme. It was 
initially carried out in vitro using Alexa405/AlexaA647, Cy2/Alexa647 & Cy3/Alexa647 
(Bates et al. 2012), and then used to image neurones with the same three dye pairs 
(Lakadamyali et al. 2012), as well as other pair combinations Alexa405/Cy5, 
Alexa488/Cy5 and Alexa555/Cy5 in 3D (Huang, Wang, et al. 2008). The structures of 
these activators are shown in Figure 1.7, except for Alexa555, for which the structure 




Figure 1.7  – Activator dyes available for STORM imaging. A 405 nm activated, B 488 nm activated, C 561 nm 
activated. 
However, to proceed beyond three activators is difficult because each activator dye 
must be spectrally separated from the others in order to allow activation by a specific 
laser, as well as read-out of the emitter by a fourth laser. To overcome this, the Zhuang 
laboratory combined different activators with two different emitters, Alexa647 and 
Alexa750, which are themselves spectrally separated enough to be imaged specifically 
by lasers at ~650 nm and 750 nm. This facilitated six-colour imaging in vitro with 
Alexa405/Alexa647, Cy2/Alexa647, Cy3/Alexa647, Alexa405/Alexa750, 
Cy2/Alexa750 and Cy3/Alexa750 pairs (Bates et al. 2012). This second STORM 
emitter system has only once been used for imaging in a cellular context, when 9 
activator-emitter pairs were made using Alexa405, Alexa488 and Cy3 activators  and 
Cy5, Alexa680 and Alexa750 emitters (Lubeck and Cai 2012). The pairs were arranged 
using short 25-mer DNA oligos for ribonucleic acid-fluorescence in situ hybridisation 
(RNA-FISH). Combining the 9 pairs into spatially arranged barcodes allowed detection 
of 32 mRNAs of interest. The authors imaged all 32 different barcodes although only 9 
distinct colours, in the conventional STORM sense were present. This work yielded 
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quantifiable amounts of each mRNA through spatial and STORM barcoding as a read-
out of cellular stress in response to calcium, but did generate reconstructed images.  
Clearly STORM has more ‘colours’ available than dSTORM and PALM, which is a key 
strength. One of the limitations, however, is that all these reports use Abs or DNA 
probes to target the STORM pairs. This prevents the use of STORM in live cell imaging 
as these labelling methods require cellular permeabilization. Furthermore, the complex 
probabilistic algorithms for channel assignment are not openly available and this limits 
the widespread use of STORM. Thus, only a handful of laboratories have reported 
STORM imaging. 
1.4.2.5 Multicolour PAINTing 
Point accumulation for imaging in nanoscale topography (PAINT) and its derivatives 
are another set of methods that have allowed multicolour SR imaging. It takes 
advantage of non-blinking fluorophores in solution that bind a target and become 
immobilised to produce a diffraction limited spot, before dissociating and the spot 
disappearing. If the concentration of fluorophores is carefully controlled and the 
association and dissociation rates are within a certain range, then fluorophores will 
bind and dissociate from solution to produce a blinking behaviour that can be super-
resolved in the same way as blinking dyes or PA-FPs. This method was first 
demonstrated using Nile Red, which binds to membranes (Sharonov and Hochstrasser 
2006), or membrane proteins with Cy5 or ATTO647N labelled Abs (Giannone et al. 
2010), leading to multicolour ‘SPIRAPAINT’ images (Lew et al. 2011).  
PAINT was combined with DNA-origami (Rothemund 2006) to allow Atto655-labelled 
short oligos (imager strands) to be used in ‘DNA-PAINT’ (Jungmann et al. 2010). 
Different imager strands with the same dye could then be combined with Abs linked to 
DNA docking strands to stain fixed cells. Sequential washes allowed ‘dual-colour’ 
images with only one dye, where the two colours are distinguished temporally and by 
imager strand sequence specificity for a different docking strand on a different Ab 
(Jungmann et al. 2010). The same multicolour concept was used to image 10 different 
colours in vitro using DNA-origami, four-colour images in 2D and three-colour images 
in 3D using single dyes (either Atto655 or Cy3B) in fixed HeLa cells. The method was 
dubbed exchange-PAINT (Jungmann et al. 2014). 
The advantages of multicolour PAINT compared to the previously used methods are 
clear in that only a single dye and imaging laser combined with different Ab-docking 
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strand constructs are necessary. This removes the barrier of spectral overlap and 
channel crosstalk. The drawbacks are that the Ab-docking strand reagents take 
considerable design and purification, and are not compatible with live cell imaging. 
Furthermore, PAINT has been reported to cause cell swelling during long acquisition 
times (Legant et al. 2016), which is difficult to correct for and may perturb samples. 
These disadvantages and the fact that many groups do not have experience with DNA-
origami for method development and optimisation may be the reason that exchange-
PAINT has not been widely used by others, with very few exceptions (Zanacchi et al. 
2017). 
1.4.2.6 Spectrally resolved STORM (SR-STORM) 
SR-STORM (Z. Zhang et al. 2015) uses similar wavelength absorbing dyes that can 
be made to blink, but which cannot be separated by emission filter sets, which pass 
light within ~40nm. The dyes can be distinguished instead based on small differences 
in their emission spectra, by measuring an intensity weighted mean emission 
wavelength in a separate beam path, as little as 2.5 nm. This requires a different setup 
to conventional PALM, dSTORM and STORM microscopes, where emitted light is 
collected by two objective lenses. The light from path one is passed to the camera to 
give spatial information, but light from the second path two is passed through a prism, 
to refract the light before collection on a separate area of the camera. This means that 
each dot has spatial and spectral information, so it can be super-resolved and the 
spectral mean taken, which can assign a localisation to dyes with very similar emission 
spectra with <2% crosstalk, superior to that of STORM. This system has the benefit of 
only requiring a single laser for imaging, so little optical alignment, but the complication 
of a second optical path containing the prism. 
SR-STORM was initially used to image 4 colours in 2D and 2 colours in 3D for 
biological samples (Z. Zhang et al. 2015) and has since been used to image NileRed 
PAINT binding to different intracellular membranes, each of which shifts its spectral 
mean differently (Moon et al. 2017). Further multicolour imaging has yet to be reported, 
but seems likely given that this optical setup removes the spectral limitations of 
multicolour dSTORM imaging. This method seems likely to challenge both STORM 




Another benefit of SMLM is that observing single fluorophores may allow counting the 
precise number of molecules, which is useful for discerning macromolecule function, 
for example stoichiometry of proteins in complexes and multimerization states. 
1.4.3.1 Diffraction limited quantification 
Quantification has been attempted using diffraction limited fluorescence, using purely 
fluorescence intensity and stepwise photobleaching to count molecules with some 
success (Leake et al. 2006; Durisic et al. 2012; Ulbrich & Isacoff, 2007) and even with 
diffraction limited imaging of PA-FPs like Dendra2 (Specht et al. 2013). This method 
relies on a single fluorophore emitting a roughly constant intensity and when it is 
bleached a discernible intensity being lost, as depicted for a diffraction limited spot with 
a stoichiometry of 2 in Figure 1.8. One example was the use of GFP photobleaching 
when connected to a bacterial flagellar protein MotB (Leake et al. 2006). This study 
produced good evidence of MotB-GFP stoichiometry in the motor and in kinetics of 
MotB turnover.  
 
Figure 1.8 – Stepwise photobleaching can be used for quantitation. An Example of fluorescence intensity 
detected for a particular diffraction limited spot, each step down in intensity indicates the photobleaching of one 
fluorophore.   
These diffraction-limited methods of quantitation can be useful in some cases, but are 
less effective when high density, high background fluorescence and movement is 
encountered because intensity is continuously distributed, and only an average 
intensity per fluorophore can be measured, with significant error in most cases. Errors 
in the measurement of fluorescence intensity can be improved by using total internal 
reflection fluorescence (TIRF) illumination, which reduces background, but this limits 
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measurement to surfaces close to the coverslip, so cannot be used for nuclear or 
cytoplasmic proteins in thick cells.  
SMLM techniques provide the advantage that they count a discrete number of 
localisations and these can be grouped spatially and temporally into ‘tracks’ to allow 
counting of how many blinks per molecule are achieved. This has been used as a more 
accurate measure of protein numbers, but is not without is pitfalls. 
1.4.3.2 Quantitation with PALM 
PALM and dSTORM using tdEos or mEos2 with Cy5 or DyLight 648, respectively, have 
both been used in the Gaus laboratory to look at clustering of signalling proteins such 
as Lat, Lck and Src in the T-cell membrane (Owen et al. 2010; Williamson et al. 2011) 
and to study HIV replication and assembly (Pereira et al. 2012). These studies all used 
Ripley’s k-function to measure and plot clustering of localisations at the membrane 
before and after T-cell stimulation. These studies showed that SR could visualise 
microdomains of associated proteins on the scale of 100-200 nm, which was not 
possible with ensemble TIRF. This clustering, however, whilst semi-quantitative was 
not counting absolute numbers of molecules because the studies could not account for 
multiple localisations of each fluorophore due to blinking, a common problem in SMLM 
quantitation. Blinking is a larger problem in dSTORM where fluorophores like Cy5 can 
blink up to a hundred times (Heilemann et al. 2005; Dempsey et al. 2011), but has also 
been shown to be a problem with commonly used PA-FPs for PALM, like mEos2 
(Annibale et al. 2010; McKinney et al. 2009). 
Several reports have attempted to consider and correct for various sources of error in 
counting. Lando et al (2012), measured the number of blinks per mEos2 molecule 
using spatially separated fluorophores within an S. pombe cell, and calculated an 
average of 1.98 blinks per molecule. To calculate the number of mEos2-Cnp1 
molecules present in the dense centromeric focus, the number of localisations was 
divided by 2. More complex methods were not appropriate due to the high density of 
Cnp1 in S. pombe. Another study quantified overcounting due to blinking and 
undercounting due to localisations being incorrectly grouped together by spatial 
proximity (Lee et al. 2012). This work used a kinetic model for blinking and 
measurements of the respective rate constants, which could be used in analysis for 
minimising both over and undercounting – ‘spatiotemporal clustering’. It was 
determined that Dendra2 is better suited to counting than mEos2 because it blinks less 
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owing to a slower transition rate in the dark state, corroborating previous evidence 
(Annibale et al. 2011).  Several different methods to account for spatiotemporal 
clustering have been published, one used a data-optimised distance and time 
threshold for each localisation to group localisations into molecules (Coltharp, Kessler, 
and Xiao 2012). An alternative method to account for blinking as a source of 
uncertainty was developed by Sengupta et al (2011; Sengupta and Lippincott-
Schwartz 2012). They used pair-correlation analysis (PC) to analytically calculate the 
probability that each localisation belongs to a given fluorophore through space and 
time. The algorithm increases the likelihood of correctly assigning localisations to the 
right molecule, but works less well at high fluorophore density and longer dark times 
between blinks, so it is more suitable to PALM than dSTORM or STORM. Both the 
Coltharp and Sengupta methods have been implemented in the PeakFit open source 
software for SMLM data analysis (Herbert 2014). Work on PC also noted that PS-CFP 
blinks less than Dendra2, and if it could be made to only blink once, analysis would be 
far more certain about its conclusions. PC analysis has been extended to RS probes 
and immuno electron microscopy (Veatch et al. 2012). 
A third method to account for blinking in quantitation experiments was also developed 
using a similar kinetic model to Lee et al (2012) using mEos2 (Hummer, Fricke, and 
Heilemann 2016). The kinetic scheme was investigated analytically, and knowledge of 
several variables was necessary to find the number of mEos2 molecules within a 
diffraction limited spot. By simulating results, fixing one parameter at a time and varying 
the others, the best fit for the modelled number of fluorophores to the real data could 
be determined. Using multimeric DNA-origami constructs the model was shown to be 
very accurate. 
Another source of error for counting with PALM is that not all PA-FPs are detectable, 
presumably due to incomplete maturation (Durisic et al. 2012). This maturation 
problem has been quantified for mEos2 in S. cerevisiase by measuring known 
numbers of PA-FPs, and it was found that ~40% of mEos2 molecules are undetectable 
(Puchner et al. 2013), but it is likely that this value as well as blinking and photophysical 




1.4.3.3 Quantification using dSTORM 
Quantification was initially far simpler using PALM than dSTORM, simply because PA-
FPs blink less than the preferred organic dyes like Alexa647 and Cy5 (Durisic et al. 
2012). However, some dyes can be made to blink very sparsely, and so spatiotemporal 
clustering analysis (Lee et al. 2012) can be applied in a similar way. This has been 
carried for tetramethyl rhodamine (TMR) and SiR in dSTORM analysis of RNA 
polymerase II (RNAPII; Zhao et al. 2014). 
The analytical model developed for mEos2 in the Heilemann laboratory (Hummer, 
Fricke, and Heilemann 2016), was also used in cells (Krüger et al. 2017) and then 
developed to consider the differences between PALM and dSTORM, notably that 
dSTORM experiments start with the fluorophores on, rather than off as in PALM. This 
resulted in a similar analysis that could also count numbers of Alexa647 molecules 
within a diffraction limited spot on DNA-Origami structures in vitro (Karathanasis et al. 
2017). This work is particularly promising given the wide spread use of Alexa647, but 
has yet to be used in cells for biological work.  
1.4.3.4 Quantification using STORM 
STORM has also seen relatively little use for quantitation, presumably because the 
required emitter dyes all blink a lot more than PA-FPs and rhodamines, which 
complicates spatiotemporal analysis. One paper from the Lakadamyali laboratory 
reported quantification of nucleosomes and RNAPII in mouse embryonic stem cells 
(mES cells, Ricci et al. 2015), by calibrating the number of emitter localisations to the 
known number of nucleosomes in designed arrays. They did not count absolute 
numbers, but produced median numbers of nucleosomes per cluster, which was then 
comparable between cells. This allowed them to study the number of localisations of 
RNAPII in dual colour STORM, which showed that pluripotent stem cells have fewer 
nucleosomes per clutch than more differentiated neural progenitor cells. Perhaps 
corresponding with formation of more heterochromatin during differentiation. Since 
then the same laboratory has extended quantification with STORM by using DNA-
origami as a calibration tool that allowed them to count protein constituents at the NPC 
(Zanacchi et al. 2017). This method, potentially combined with that of Karathanasis et 
al (2017), are promising developments for quantitative STORM. 
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1.4.3.5 Quantification using PAINT 
PAINT has also been developed for quantitative use (qPAINT) by relating the number 
of available binding sites to the dark time, bright time, influx rate of imager strand and 
binding on-rate (kon) of binding for a particular system (Jungmann et al. 2016). The 
dark time can be measured in a control experiment, and the influx is a controlled factor. 
The approach was benchmarked by counting visible DNA-origami spots in vitro, NPC 
protein Nup98 in U2OS cells and Brp in Drosophila, with validation via comparison with 
previous literature.  
This is an interesting approach to quantitative imaging because the fluorophores used 
(Cy3b or Atto655) do not blink under these imaging conditions, so the over- and 
undercounting effects of blinking are not a problem, and neither is bleaching, because 
any one dye molecule is irrelevant. These are significant advantages over counting 
with PALM, dSTORM or STORM, but there are also drawbacks. Firstly, there is a 
practical drawback that controls require DNA-origami, which is only used in few 
laboratories, and secondly, quantification of proteins is carried out with Abs covalently 
labelled with docking strands. Ab labelling itself has been highlighted as an under-
counting risk, as not all sites might be bound. 
1.4.3.6 Summary of quantitation using SMLM 
SMLM clearly has several advantages for counting molecules compared to lower 
resolution methods, but the methodology comes with specific problems, many of which 
have been identified and considered. 
Overcounting is caused by over-labelling e.g. blinking of dyes and FPs. Under-counting 
can occur due to under-labelling with Abs, FP slow maturation and transient 
transfections in mammalian cells.  
One important aim is to label targets in a one-to-one ratio or as close as possible, 
which is difficult with large, bivalent targeting modules like Abs (Durisic, Cuervo, and 
Lakadamyali 2014) and to carefully account for FP maturation.  
Spatiotemporal problems of blinking and localisation uncertainty can often be solved 
with PC analysis (Sengupta and Lippincott-Schwartz 2012; Sengupta et al. 2011) or 
spatiotemporal clustering (Lee et al. 2012; Zhao et al. 2014) with the availability of 
good control samples to measure fluorophore parameters. However, these methods 
are not valid with fluorophores that blink extensively or in very densely labelled 
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samples, hence fluorophores that blink less have been preferred like Dendra2 and PS-
CFP. A very recent development of spatiotemporal clustering has been applied to the 
PA-FP mEos2 (Hummer, Fricke, and Heilemann 2016) and the dSTORM dye 
Alexa647 in vitro (Karathanasis et al. 2017), but this has only been applied to cellular 
imaging for mEos2 (Krüger et al. 2017). 
In cases where absolute quantification is not possible, relative numbers can still be of 
use for certain biological questions, such as clustering using Ripley’s K-function (Owen 
et al. 2010; Williamson et al. 2011; Pereira et al. 2012) and calibration (Ricci et al. 
2015). Further development of the algorithms and techniques will undoubtedly lead to 
better counting ability, although the method must be carefully linked to the question 
and the likely data patterns. 
1.4.3.7 Quantification and targeting 
Whilst fluorophores and their characteristics such as brightness and blinking are critical 
to quantification, the method used for fluorophore targeting is also an important factor. 
FPs are genetically tagged, which is desirable for counting proteins, as it allows one-
to-one labelling so that number of fluorophores equals number of target proteins. 
However, the FP mEos2 has been shown to be invisible in 40% of cases (Puchner et 
al. 2013; Durisic et al. 2012), and this is likely the case for other FPs. Given their low 
brightness compared to dyes, FPs may not be ideal for quantification. 
Dyes also have their problems for counting target proteins because they cannot be 
genetically encoded, and so they must be targeted with other approaches, each of 
which has its own strengths and weaknesses. These are discussed in detail in section 




1.5 Advantages and disadvantages of SMLM techniques 
SMLM has several advantages over ensemble imaging and other SR techniques, but 
each SM experiment has specific advantages and disadvantages to consider. It is 
important to understand these for each method and each biological question to achieve 
meaningful results. 
1.5.1 PALM 
PALM has the strength of genetically tagged FPs that allow live cell experiments with 
up to two colours. Its weaknesses include the FPs that are all dimmer than the widely 
used dSTORM and STORM dyes Alexa647 and Cy5, with lower extinction coefficients 
and quantum yields, which can limit spatial precision. FPs are also known to 
multimerise, fold incompletely and blink which can all cause artefacts in quantification 
experiments although progress with algorithms may offset these.  
1.5.2 dSTORM 
This method has the advantage that the dyes of choice are Alexa647 and Cy5, are 
brighter than FPs, which can lead to better spatial resolution than PALM in structural 
imaging experiments, which have been done with up to two colours, although more in 
some specific cases such as SR-STORM.  
Whilst labelling cells with Alexa647 and Cy5 is incompatible with live cell imaging, other 
dyes such as rhodamines like Atto655 are compatible with live cell dSTORM 
experiments (Wombacher et al. 2010; Wilmes et al. 2012; Klein et al. 2011). 
Also, the targeting approach can cause artefacts including for quantification 
experiments as discussed in section 1.6. Quantification is complicated further by the 
blinking of the dyes, although progress has been made with recent modelling 
approaches (Karathanasis et al. 2017). Finally, most dyes are not as bright or blink 
less than Alexa647 and Cy5, and may have incompatible blinking conditions, which 
makes multicolour dSTORM difficult. 
1.5.3 STORM 
STORM has similar strengths and weaknesses to dSTORM since it uses the same 
cyanine dyes, however it has the key advantage that it is far more suited to multicolour 
imaging, with up to 12 colours imaged in vitro. Its use in quantitative imaging has been 
minimal due to the artefacts caused by fluorophore targeting and blinking, although 
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some of these can now be accounted for (Karathanasis et al. 2017; Zanacchi et al. 
2017). 
1.5.4 PAINT 
PAINT has also been developed for multicolour SMLM with up to ten colours used in 
fixed cells, and has also been extended to quantitative imaging with qPAINT. The main 
advantage in applying PAINT is that the method in unaffected fluorophore bleaching, 
because new probes bind, this can allow very high resolution (Schnitzbauer et al. 
2017), and cover all target sites that may be missed by bleaching. The lack of 
requirement for blinking dyes may also be an advantage, since more choice is 
available. These advantages have made PAINT a technique that is growing in usage. 
The main weakness of PAINT is the requirement for dye targeting, which may cause 
similar artefacts to STORM and dSTORM and prevents live cell imaging. It has also 
been reported that exchange-PAINT causes cell swelling during the long wash 
sequences which may also produce artefacts.        
In summary, none of the SMLM techniques are universally suited to all biological 
questions and applications, so it is essential to carefully consider which approach is 




1.6 Fluorophore targeting 
SMLM of biological targets requires fluorophores to be targeted to the molecule of 
interest, usually protein or nucleic acid, as specifically as possible, with minimum 
disturbance of the system. This is relatively straight forward using genetically coded 
FPs to N- or C-terminally tag the gene of interest. However, targeting of dSTORM and 
STORM dyes to proteins of interest is not as straight forward, with different methods 
having advantages and disadvantages.  
1.6.1 Antibodies (Abs) and their derivatives 
Abs and their recombinant derivatives are one of the commonly used methods for 
targeting fluorophores to proteins of interest. It is therefore important to understand 
how these different proteins are made, and how the design and synthesis can affect 
SMLM applications, like STORM. 
1.6.1.1 Conventional immunoglobulins 
Conventional mammalian immunoglobulins (Ig) are divided into five classes: IgM, IgG, 
IgA, IgD and IgE (these can vary between families and between vertebrates). The most 
commonly used for biochemical purposes are IgGs, which are generated via 
immunisation with a target antigen. A polyclonal antiserum can then be obtained from 
the immunised individual by purifying Abs from blood serum, which contains many 
different IgGs, each binding different epitopes on the antigen. Each of these IgGs is 
produced by B cells from a different lineage.   
Monoclonal IgGs (mAbs) are therefore usually used in SMLM protein targeting. They 
are obtained by immunising rabbits or mice spleen with an antigen, and then be fusing 
them with myeloma cells to form hybridomas, which are immortalised (Kӧhler and 
Milstein 1975). Individual colonies grown from single hybridoma cells each produce a 
different mAb. These clones can be selected for antigen affinity and those with highest 
affinity can be purified and compared for cross-reactivity using enzyme-linked 
immunosorbent assay (ELISA) screens. They can even have their affinity increased by 
phage display (Smith 1985), as reviewed by Clackson et al (1991). 
The structure of Igs has important indications for to understanding the benefits of 
different Abs, see Hanly, Artwohl and Bennett et al (1995). Briefly, Each Ig molecule 
consist of 4 chains, two heavy chains (H) and two light (L) chains, the L and H chains 
interact through non-covalent interactions of hydrophobic residues, and the two H 
chains are then also held together by disulphide bonds as shown in Figure 1.9. Each 
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of the four chains has a variable (V) and a constant (C) region. The variable regions of 
the H and L chains pair up such that two VH-VL pairs are formed, each containing the 
epitope binding site – the paratope. The C regions of the longer H chains also interact 
to form the constant region (Fc), which is constant between Igs of the same class, and 
imparts biological function such as macrophage stimulation. The H chain of 
mammalian IgGs contains four domains: the VH, and 3 domains in the constant region 
(CH1-3) Thus, each IgG contains two paratopes and an Fc, the latter of which is not 
always useful for biochemical applications. 
 
Figure 1.9 – Summary of generalised Ab structure and its derivatives. Generalised conventional IgG Ab 
structure containing indications of derivative fragment antigen binding (Fab) in blue. Each domain of the heavy 




1.6.1.2 Fragment antigen binding (Fabs) 
Since the Fc of an IgG is sometimes not useful or counterproductive, this region can 
be removed by proteolytic cleavage of an IgG (usually using pepsin or papain) leaving 
just the Fabs (Figure 1.10). These Fabs can then be purified and used in biochemical 
contexts, such as IF (Stasevich et al. 2014). They have the advantage over IgGs of 
being smaller, which may allow them to penetrate denser targets in cells more 
effectively for IF; they are more structurally ordered than IgGs, and without the Fc 
region, are unlikely to induce a host response when used as treatments. 
 
Figure 1.10 – Generalised structure of a Fab, with a crystal structure of an example, an anti-c-Myc Fab, adapted 
from Krauß et al (2008; protein data bank (PDB): 2OR9). The epitope is shown in red, the H chain in grey and L 




1.6.1.3 Single-chained variable fragments (scFvs) 
scFvs are made by linking the VH and VL domains via a linker, usually in a VH-linker-VL 
arrangement, by various methods including polymerase chain reaction (PCR) 
assembly (reviewed in Ahmad et al. 2012). This construct can be expressed in bacteria 
or other systems, the generalised structure and an example are shown in Figure 1.11. 
 
Figure 1.11 – General scFv structure with an example structure of the anti-his scFv described by Kaufman 
et al (2002;PDB 1KTR). Green and blue highlight the VH and VL domains of the scFv and in yellow is the tetra-his 
peptide epitope, with the paratope residues in red. The linker is disordered and so not resolved in the structure, as 
are three residues at the N-terminus. 
The advantages of scFvs include their small size, the lack of protease treatment 
needed during purification, and they can be expressed from non-hybridoma systems 
such as Escherichia coli (E. coli; Jung and Pluckthun 1997), yeast (Boder and Wittrup 
1997), mammalian and insect systems (A. B. H. Choo et al. 2002), which are all simpler 
and produce greater amounts of protein more quickly. To date many scFvs have been 
produced. However, design of correctly folding and expressing scFvs is not trivial 
particularly because hydrophobic residues are exposed on the VH and VL domains. 
They have not been used in SR or SMLM, due to their laborious and low yield 




1.6.1.4 Camelidae and shark Abs 
It was discovered in 1993 that camelidae have an intrinsically different Ab (Hamers-
Casterman et al. 1993). As shown in the schematic in Figure 1.12A they only contain 
two identical heavy chains, hence they are referred to as heavy chain Abs (hcAbs). In 
addition, the region equivalent to the Fab in conventional IgGs contains only one 
discrete domain compared to the 2 domains per chain in IgGs, due to the absence of 
constant region 1 (CH1). These hcAbs form the same basic “Y” shape as an IgG and 
function in a similar way, with CH2 and CH3 forming a constant region for biological 
function. Convergent hcAbs have also been found in sharks (Greenberg et al. 1995) 
and are suspected in other species, with the selection force thought to be that the small 
variable domain (VHH) size allows better binding to some antigens, particularly the 
active clefts of antigenic enzymes (Flajnik, Deschacht, and Muyldermans 2011). 
The missing CH1 domain from hcAbs means that their digestion with papain or 
equivalent forms only a single domain VHH, as shown in Figure 1.12B – there is no 
Fab equivalent for this type of Ab. These VHHs are ~15 Kilo Daltons (KDa), the smallest 
antigen-binding immunoglobulin fragment yet discovered, and were first expressed in 
Muyldermans laboratory (Arbabi Ghahroudi et al. 1997).  
The presence of only one protein chain means that the process of deriving Ab binding 
fragments is more straightforward than with conventional Abs. They are obtained by 
immunising a camelid such as a llama, collecting mRNA from the blood or spleen and 
synthesising complementary DNA (cDNA) via RT-PCR (reverse transcription-PCR). 
VHH genes are obtained by PCR amplifying the relevant regions of the coding 




Figure 1.12 – Summary of camelid Ab and derived Nb structure. A Generalised structure of a camelid Ab. B 
Generalised structure of a Nb, with a crystal structure of an example; anti-GFP nanobody (PDB:3K1K, Kubala et 





In the short time since Nbs have been developed as potential tools, it has been evident 
that they have several advantageous properties. 
Firstly, their small size (~15 KDa compared to scFvs ~28 KDa) has various 
advantages. It is useful for IF because they are more capable of penetrating dense 
molecular structures like nuclear chromatin, thus there is currently a considerable 
amount of effort going into developing Nbs that target useful epitopes.  
A second advantage is that they have greater stability, with similar affinity to mAbs. A 
direct comparison of mouse mAbs and Nbs showed that mono-valent Nbs had similar 
specificity (in the nanomolar range), whilst most Nbs also had greatly increased heat 
stability – maintaining antigen binding up to 90ºC, and target affinity in up to 50% 
ethanol or 0.25 M ammonium thiocyanate (van Der Linden et al. 1999). This is 
corroborated by evidence that Nbs are stable when kept at 37ºC for one week, 
compared to tested scFvs that lost all binding activity within 60 hours (Arbabi 
Ghahroudi et al. 1997). The increased stability may also make Nbs more amenable to 
in house production from bacterial cells without unfolding. The stability is partly due to 
a single disulphide bond anchoring together the two β-sheets, which is not solvent 
accessible and prevents passive reduction. For SMLM it is particularly important to 
have the most stable targeting proteins, because the STORM buffers can be relatively 
harsh, involving high concentrations of additives like cyclooctatetraene (COT), 6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), MEA and BME, which 
could all damage extracellular proteins. Fluorescence in situ hybridisation (FISH) 
experiments also require maximum stability because the conditions used for these 
protocols usually involve heating and formamide, which may also cause damage 
before fixation.  
Thirdly, of the few Nbs that have been produced and investigated, several have been 
targeted to common genetic tags such as GFP (Kubala et al. 2010; Kirchhofer et al. 
2010; Fridy et al. 2014) and mCherry (Fridy et al. 2014). Binding of common epitopes 
like these could be potentially useful for IF protocols because raising Nbs against each 
individual protein of interest would take large amounts of time and may yield Nbs with 
too poor affinity. A drawback of the tag method however, is that the tag itself may cause 
artefacts in the cellular context such as preventing normal protein-protein interactions 
or inducing multimerization (Gahlmann and Moerner 2013). 
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Nbs have also been shown to be useful for IF. Several Nbs raised directly against 
different NPC components; Nup85, 93, 98, 155, and the Nup62Nup58Nup54 complex. 
These Nbs were linked to Alexa647 and used to image the NPC in Xenopus XL177 
cells and showed excellent resolution (Pleiner et al. 2015). This was particularly 
notable because the Nbs were labelled in a one-to-one fashion using maleimide 
linkages for dSTORM imaging. This example highlighted not only the utility of Nbs but 
also the effect of using one-to-one linking to dSTORM dyes. 
1.6.1.6 Labelling immune derived proteins is Poisson-distibuted 
Most IF experiments have used labelled Abs to target them to a protein of interest  
(Ricci et al. 2015; Lakadamyali et al. 2012; Chaumeil et al. 2006, 2008). This is good 
for high sensitivity but suboptimal for some aspects of SMLM such as quantification of 
target molecules because labelling of Abs using amine-reactive dyes yields random 
labelling, which has Poisson distribution as shown in Figure 1.13A-B (Grunwaldt 2002; 
Sako, Minoghchi, and Yanagida 2000; Schnaible and Przybylski 1999; Vira et al. 
2010). This means that even if the number of fluorophores can be accurately and 
precisely measured, it may not yield the correct number of target proteins, because 
each Ab could be labelled with between zero and five dyes. This effect is magnified 
with dual colour experiments to study co-localisation (as shown in Figure 1.13C), 
because assuming an average number of dyes per molecule of 0.7-1, which is typical, 
only ~37-50% of each interaction partner is labelled. For the case of one dye per Ab 
on average, only ~ 43% of interacting pairs will be theoretically visible, so more than 
half of the interactions are lost. Only ~16% of all interactions will be labelled with both 
Abs having one dye attached, so quantification of co-localisation is very difficult, 
especially when the target proteins are already in low copy-number. This is important 




Figure 1.13 – Labelling Abs with dyes has Poisson distribution. A Poisson distribution for an average of 1 and 
0.7 dyes per Ab. B How Poisson distributed labelling affects the number of fluorophores per Ab with an average 
labelling of 1. C Pairing up of two labelled Abs A and B, both labelled with on average 1 dye per Ab, to represent 
co-localization of proteins A and B. On average in ~64% of cases one or both Abs are unlabeled, so the co-
localization is invisible. On average in 16% of cases both Abs A and B singly labelled for quantification. 
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1.6.2 Dehalogenases and HaloTag 
Another modern method of linking fluorophores to proteins of interest is the HaloTag 
protein. This system was developed by Los et al (2008), from a Rhodococcus 
dehalogenase named DhaA. This class of protein removes halogen atoms from alkane 
chains is part of the α/β hydrolyase family of enzymes which also include 
acetylcholinesterase, dienelactone hydrolase, lipase and carboxypeptidase II (Ollis et 
al. 1992). This family contains a conserved catalytic triad structure that allows water 
hydrolysis of their respective ligands but each divergent enzyme has a differently 
structured binding cavity to accommodate the different substrate. The triad consists of 
two nucleophiles: cysteine, aspartate or glutamate (Cys, Asp or Glu) and a conserved 
histidine (His). The nucleophile forms a covalent intermediate, and then base catalysis 
by the His regenerates the nucleophile and releases the product (Franken et al. 1991). 
The dehalogenases can bind a variety of 1-haloalkanes, however, the most common 
substrate appears to be 1,2-dichloroethane. One of the best studied organisms is 
Xanthobacter autotrophicus, which can survive on 1,2-dichloroethane as a sole carbon 
and energy source (Franken et al. 1991), in which DhaA catalyses the first step in the 
degradation.  
The substitution mutation H289Q of the Xanthobacter DhaA enzyme was catalytically 
inactive and produced a covalent product between the alkane and the nucleophilic 
aspartate residue of the catalytic triad (Pries et al. 1995). A Rhodococcus homolog 
(Newman et al. 1999) had a significantly deeper and wider binding pocket providing a 
greater flexibility in the substrates it could bind. This was developed for specific binding 
of the HaloTag ligand in the presence of large modifying groups like fluorophores at 
low concentrations suitable for in vivo labelling, with low levels of cross-reactivity (Los 
et al. 2008). The crystal structure of a similar Rhodococcus gene product with the 
HaloTag ligand is shown in Figure 1.14A and B, as adapted from a protein data bank 
(PDB) structure by Liu et al (2017; PDB 5VNP). It shows the surface cavity and how 




Figure 1.14 – HaloTag and its ligand structures. A Crystal structure of a DhaA mutant together with its ligand 
(a sulfonyl-benzoxadiazole moiety with a sarcosine linker between this and the halo(O2) ligand; PDB5VNP; Liu et 
al. 2017). The image shows the ligand moiety on the surface and the HaloTag ligand region entering a cavity in the 
protein. The ligand and attached moiety are shown in yellow, the protein surface is shown in grey. B The same 
image rotated 90º, with several resides hidden to reveal the halo ligand biding cavity beneath the protein surface. 
C HaloTag(O2) ligand and D HaloTag(O4) ligand both with the chlorine (Cl) atom still attached, which is removed 
upon covalent linkage. 
The key advantage of this labelling method for fluorescence is the ability to genetically 
tag endogenous proteins. Then label them with any of a variety of fluorescent dyes, 
whereas genetically encoding proteins with FP tags limits experiments to one colour. 
For a different colour, significant time must be taken to clone in a different FP. The 
requisite disadvantage is that fluorescent dyes attached to the ligand must pass 
through the cell membrane (and the cell wall in the case of micro-organisms) to label 
the HaloTag protein. This is problematic for live cell and fixed cell experiments using 
organisms that have complex cell wall structures. Although the HaloTag ligands alone 
can pass through cell membranes, only a limited number of uncharged fluorescent 
dyes such as TMR and Atto655 can. Whilst these dyes have been reportedly used for 
dSTORM (Grimm et al. 2015, 2016; Wilmes et al. 2012; Uno et al. 2014), STORM has 
only been reported for the cyanine dyes Alexa647 and Cy5, which each have multiple 
charges and so are largely unable to pass through cell membranes directly. 
Commercially available HaloTag ligands include those with pre-linked fluorophores 
produced by Promega, however, many more dyes can be made HaloTag compatible 
by combining the HaloTag ligands with compatible reactive groups such as NHS esters 
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attached to dyes, which are readily available for most dyes. For this purpose, there are 
two different commercial versions of the HaloTag ligand; the Halo(O2) ligand and the 
Halo(O4) ligand. The difference between the two ligands is that the Halo(O2) ligand, 
which shown chemically in Figure 1.14C, contains 2 oxygen atoms in its alkyl linker, 
whereas the Halo(O4) ligand in Figure 1.14D contains 4 oxygen atoms. This means 
that the Halo(O4) ligand is longer and may provide higher affinity in cases where the 
dye may sterically hinder docking and binding of the Halo(O2) ligand. In most published 
cases the Halo(O2) ligand is used (Wilmes et al. 2012; Y. Zhang et al. 2006; So, Yao, 
and Rao 2008; Grimm et al. 2015, 2016), probably because it is sufficient in most cases 
and is commercially available already linked to dyes such as TMR. However, some 
published data has also used the Halo(O4) ligand with Dy633 and IR800 (Kosaka et 
al. 2009). 
1.6.3 SNAP-tag and CLIP-tag 
HaloTag is not the only covalent coupling technology – other protein systems have 
been developed in a similar way from different precursor proteins to bind different 
ligands, for example, SNAP-tag and CLIP-tag. This provides the benefit that they can 
be used in combination with minimal ligand cross-reactivity, for example with differently 
attached dyes. However, they are not used in this project and not considered for this 
work. 
1.6.4 Amber codons and click labelling 
There are also other methods of targeting fluorophores to macromolecules of interest, 
for example amber codons and unnatural amino acids (Leinfelder et al. 1990; L. Wang, 
Xie, and Schultz 2006; J. Wang, Xie, and Schultz 2006; Plass et al. 2012; Schoffelen 
et al. 2008; Devaraj and Weissleder 2011; Han and Wang 2012), which have been 
used for SR imaging (Vreja et al. 2015; Sakin et al. 2017; Nikić et al. 2015; Nikić and 
Lemke 2015) but not SMLM. Nucleic acids have been targeted for SMLM using RNA-
FISH (Lubeck and Cai 2012), PAINT (Beliveau et al. 2015) and 5-ethynyl-20-
deoxyuridine (EdU) pulse labelling (Zessin, Finan, and Heilemann 2012; Salic and 
Mitchison 2008). Other methods such as 
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR/Cas9) and 




1.7 Strategy to design a new range of flexible STORM probes 
This project aims to address some of the disadvantages of STORM methodology by 
designing and synthesising flexible constructs that may be more suitable to quantitative 
as well as multicolour imaging.  
Flexible multicolour STORM experiments require a system with two modules; a 
detector module containing an activator and emitter dye in close proximity – to allow 
imaging; and a targeting module – to target the detector module to a protein of interest, 
as shown in Figure 1.15. STORM can use a variety of activator-emitter pairs in the 
same sample provided each has a distinct targeting module, thus multicolour STORM 
imaging of different proteins in a cell is possible, but has only been achieved with Abs 
(Ricci et al. 2015). To provide flexibility a detector module should therefore be capable 
of linkage to different activator and emitter dyes. 
 
Figure 1.15 – Schematic design of a flexible probe for use in quantitative multicolour STORM imaging. A 
The required sections of a probe targeted to a protein of interest. B Possible targeting module and detector module 
combinations that could be suitable for STORM. 
1.7.1 STORM dyes 
Published work on STORM has shown that only a few commercially available dyes are 
compatible, see section 1.4.2.4. For the emitter dye, Cy5 is analogous to Alexa647 
and is notably cheaper, so this was selected as the emitter. There are, however, 
different versions of Cy5 available; the more similar version to Alexa647 is called sulfo-
Cy5 because it has sulphonic acid groups to allow water solubility, whereas the other 
version, Cy5, has no sulphonic acid groups and is less soluble in water. Since cell 
based experiments are done in aqueous buffers and most of the linking chemistry will 
be done in water, we chose the sulfo-Cy5 version. 
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Alexa405, Alexa488 and Cy3 were selected as potential activators for sulfo-Cy5. Cy2 
was side-lined in favour of Alexa488 because both are activated by our 488 nm laser, 
and cannot be used in the same experiment and our lab has had previous experience 
using Alexa488.   
1.7.2 Chemospecific linking of dyes 
To create a STORM probe in this manner, it was necessary to target dyes to specific 
positions to allow a specific one-to-one labelling necessary for potentially quantitative 
imaging. There are various reactions that are chemoselective – and commonly used 
for dye coupling to target proteins, although only limited types of reaction are available 
with purchased dyes. 
Commercially available dye reagents for conjugation include the most commonly used 
N-hydroxysuccinimide (NHS) reaction, click chemistry (Kolb, Finn, and Sharpless 
2001), maleimide and iodo-alkyl. NHS and click chemistry were selected for use here.  
1.7.3 NHS chemistry 
NHS groups react with primary amines such as the side chain of a lysine residue as in 
Figure 1.16A, and are often used to label proteins with commercially available NHS-
activated fluorophores. This method is widely used with phosphate buffer at pH 8-9 
and the target residues are usually lysines, which are commonly available on the 
solvent-facing surface of most proteins. 
 
Figure 1.16 – Chemospecific reaction mechanisms showing alkyl groups in red. A NHS chemistry where R2 
is usually a lysine side chain and R1 is a fluorophore.  B 3+2 cycloaddition – “click chemistry” where either R1 or R2 
can be the target or fluorophore. 
1.7.4 Huisgen dipolar cycloaddition 
Many “click chemistry” reactions have been developed, which aim to react small 
molecules with little to no side product. One of these is the reaction of an alkyne with 
an azide group in a 3+2 cycloaddition (Kolb, Finn, and Sharpless 2001), see Figure 
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1.16B. The conventional reaction contains the reagents, copper(II) sulphate, ascorbic 
acid, Tris(benzyltriazolylmethyl)amine (TBTA) and triethylammonium acetate in 55% 
dimethyl sulfoxide (DMSO). During the reaction, Cu(II) is reduced to Cu(I) by ascorbic 
acid, and Cu(I) catalyses the 3+2 cycloaddition. To stabilise the Cu(I) ion, oxygen is 
removed from the buffer by bubbling through nitrogen, and a TBTA ligand is added. 
Solubilisation of the TBTA organic ligand requires high percentage DMSO, which 
prevents simultaneous reactions that require aqueous conditions, like NHS. For ease, 
I shall hence forth refer to the Huisgen dipolar cycloaddition as “click chemistry”.  
A more recent development allows copper-free click chemistry via more reactive 
strained-alkynes (Plass et al. 2011). This reduces copper derived damage in vivo, but 
these are not yet widely available. 
1.7.5 Selected chemospecific reactions for a detector module 
Alexa405, Alexa488 and Cy3 were only available as NHS ester derivatives, so this 
targeting chemistry was used. Cy5 on the other hand, was available as an azide as 
well as an NHS, so this azide was used for click chemistry. The NHS and azide 
reactions target different reactive groups so should be amenable to specific labelling 
of residues. 
To provide a linker that allows the activator and emitter dyes to sit closely together 
using NHS and azide chemistry requires a molecule with both amine and alkyne 
reactive groups. These groups could theoretically be inserted into DNA oligos or Abs 
as targeting modules, but we are interested in targeting proteins, so DNA oligos 
primarily used for RNA or DNA-FISH are not viable. Oligos have been linked to Abs for 
PAINT (Jungmann et al. 2014), but we chose to focus on Abs as targeting modules. 
To achieve this specific labelling in a one-to-one manner, we decided to use a new 
approach involving small synthetic peptides each containing only a single residue for 
each labelling reaction. This had the advantage that we could include propargylglycine 
(Pra), which would be more difficult to introduce into recombinantly expressed protein. 
The peptide was designed to contain one lysine residue, and one Pra residue to allow 
NHS and click chemistry, respectively. The N-terminus was modified to remove the 
amino group that might otherwise also react via NHS chemistry.  
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1.7.6 The targeting module 
There are many different methods of targeting proteins of interest for fluorescence 
imaging as discussed in section 1.6. Initially, we investigated several possible 
targeting modules for possible probes, with the idea of selecting the best later. The 
“DNA-PAINT” approach relies on washing in and washing out different imager oligos 
(with attached dyes) to obtain multicolour images and we favour an approach in which 
the different detectors can be imaged simultaneously, so we chose HaloTag because 
the HaloPeptides seemed simplest to synthesise, label and purify, and we already had 
several HaloTag labelled proteins available in different cell strains. We also 
investigated scFvs because it was hoped that they might be straightforwardly 
generated from Abs with different known epitopes, and an anti-GFP Nb which had 
already been well-characterised in other labs (Kubala et al. 2010; Kirchhofer et al. 
2010).  
scFvs typically need to be expressed in the periplasm of E. coli (Martin et al, 2006) 
because they contain disulphide bonds that cannot form in the reducing environment 
of the cytoplasm, except in special strains such as SHuffle (Lobstein et al. 2012).(In 
normal E. coli strains, cytoplasmically expressed scFvs may fold incorrectly or 
aggregate, so functional maturation relies on export to the oxidising environment of the 
periplasm.) We decided to investigate scFvs against the FLAG and c-Myc tags 
because if a functional probe was generated it would be useful against a wide range 
of already tagged proteins 
1.7.7 Native Chemical Ligation (NCL) for linking peptides 
To use proteins such as scFvs and Nbs as targeting modules for an activator and 
emitter dye labelled peptide requires another chemospecific reaction to link a peptide 
to the targeting protein. The chemistry must not have any cross reactivity to the NHS 
(section 1.7.3) and click chemistry (section 1.7.4) to allow each reaction to be specific. 
A suitable method is Native Chemical Ligation (NCL). 
NCL is a generalised mechanism between an N-terminal Cys and a thioester group. It 
was originally developed as a mechanism to synthesise proteins of approximately 100 
amino acid residues in length, initially interleukin8 (IL-8; Dawson et al. 1994). The first 
step of the reaction mechanism (Figure 1.17) is a reversible nucleophilic attack by the 
N-terminal Cys thiol group, which displaces the thioester group, before the N-terminal 
amine attacks the same group, displacing the sulphur and forming a peptide bond that 
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is non-reversible at approximately neutral pH. The N-terminal Cys in its reduced state 
was critical, as disulphide formation prevents the reaction, so thiol reducing agents are 
usually added. The thioester group also needed to be an effective leaving group, such 
as an S-benzyl (SBz). Phenylmethanethiol was originally used solely to reduce any 
disulphide bonds, but was later found to play a crucial role in catalysing the NCL. 
Because the rate of reaction is relatively slow, benzenethiol was then also found to 
fulfil this role (Dawson, P E, Churchill, M J, Ghadiri, M R et al. 1997). 
 
Figure 1.17 – NCL mechanism between peptide R1 with a C-terminal Phenylmethanethiol (SBz) group and 
peptide R2 containing an N-terminal Cys. A The starting reagents – an N-terminal Cys and a C-terminal SBz 
group. B The first reversible step; a nucleophilic attack of the thioester by the sulphydryl group. C The second, 
irreversible step; an acyl shift produced by nucleophilic attack of the second thioester by the primary amino group 
of the Cys.   
1.7.8 NCL adaptation for linking STORM dyes to proteins 
In the past, NCL and its derivative techniques have been used in peptide synthesis, to 
make increasing long polypeptide chains, add in synthetic changes like phosphorylated 
and methylated residues (Bartke et al. 2010) that are otherwise difficult to incorporate 
when expressing recombinant proteins. In a similar way, NCL could be used here to 
link Ab proteins to peptides containing activator-emitter STORM pairs.  
To facilitate this, we designed a peptide, which could be dual labelled with dyes and 
then undergo NCL, the structure is shown in Figure 1.18. It contained a C-terminal 
SBz group, similar to those used in the early NCL work (Dawson et al. 1994), and it is 
referred to as the SBz-peptide. The synthesis scheme for this peptide before NCL 




Figure 1.18 – SBz-peptide. Peptide design capable of linking two different dyes chemospecifically, through the red 
reactive groups to a protein containing an N-terminal Cys via the blue SBz group in an NCL reaction. 
1.7.9 Periplasmic expression 
An important requirement for NCL is the presence of an N-terminal Cys in the protein 
that the SBz-peptide is to be linked to. In the past this has been done by expressing 
proteins in the bacterial cytoplasm with modified protease cleavage sequences that, 
when cleaved, reveal an unprotected N-terminal Cys for NCL (Bartke et al. 2010). 
However, it is also possible to use the signal peptidases involved in E. coli periplasmic 
export to reveal the N-terminal Cys (Hauser and Ryan 2007). Periplasmic transport is 
enabled by an N-terminal peptide sequence, such as those from the DsbA or PelB 
proteins, which target the protein to the respective transport system. The DsbA leader 
sequence is thought to target the expressed protein as it is translated (Steiner et al. 
2006), whereas the sec-dependent PelB leader is thought to act post-translation (Singh 
et al. 2013; Sletta et al. 2007). After or during transport the signal sequence is cleaved 
by a membrane bound periplasmic signal peptidase leaving an N-terminus that can be 
any residue except for those with large, hydrophobic side chains; alanine (Ala) or Cys 
are most common (K. H. Choo, Tong, and Ranganathan 2007). Therefore, placing a 
Cys residue immediately after a signal peptide, such as PelB or DsbA, should generate 
an N-terminal Cys, suitable for linkage to an SBz-peptide. 
A further advantage of using periplasmic secretion of the protein is that the periplasm 
is an oxidising environment, whereas, the cytoplasm is reducing. This means Ab 
proteins containing disulphide bonds can be expressed and are more likely to fold 
correctly than with cytoplasmic expression.  
1.8 Aims of this project - design of a simple system for multicolour 
STORM imaging 
The overarching aim of this project was to design a flexible one-to-one-to-one STORM 
system to label target molecules, to do proof of principle experiments to validate the 
67 
 
labelling of target molecules and characterise the photophysical properties required for 
imaging and then to ask biological questions. To achieve this the main aim has been 
broken down into four key stages:  
i) Make a detector module containing a STORM pair 
ii) Make a targeting module and link the two modules 
iii) Test the complete system for target binding 
iv) Test the system for quantitative experiments in comparison to conventional 
methods including Abs 
If this approach was successful for more than one targeting system and STORM pair 
it would then be desirable to extend this to other targeting and STORM pairs to achieve 
quantitative, multicolour imaging in cells.   
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2 Design and synthesis of a HaloTag compatible STORM probe 
2.1 Probe design 
As described in section 1.6.2, one of the commonly used systems for targeting dyes 
to proteins of interest is HaloTag. This system is simple because it just requires the 
HaloTag ligand to be labelled with the desired dyes and added to permeabilised cells 
expressing a HaloTag fusion. This system was chosen over the similar SNAP and CLIP 
systems because there were more cell lines readily available with HaloTag fusion 
proteins and we had previous experience in labelling HaloTag ligands. 
This project investigates the possibility of using STORM probes in cells since two dyes 
(e.g. Cy3 and Cy5) have not previously been linked to a HaloTag ligand. For this 
reason, both the Halo(O2) and the longer Halo(O4) ligand were used in case the 
shorter one was unable to dock due to steric hindrance from the dyes.    
The main aims of this chapter are: 
• To synthesise dual labelled Halo(O2) and Halo(O4) ligands for characterisation 





As introduced in section 1.7.3 and 1.7.4 described in detail in section 6.6, there are 
several chemospecific reactions that have been used here for covalently linking dyes 
to a targeting module. Our synthesis scheme has used both the NHS and click 
chemistry reactions for dual labelling.   
The click chemistry reaction links a dye with a functional azide group and a molecule 
with an alkyne group. The reaction contains 50% DMSO, Copper(II) sulphate, TBTA, 
ascorbic acid and triethylamine acetate. Oxygen was removed by bubbling nitrogen 
through the solution as described in section 6.6.1. DMSO is an organic solvent, and 
at this high concentration the solution phase is partly organic and not truly aqueous. 
The NHS reaction links a primary amine such as the lysine side chain to an NHS 
activated carboxylic acid, under aqueous conditions with a 200 mM sodium 
bicarbonate buffering system at pH 7-9, as described in section 6.6.2. It is not possible 
to carry out the NHS and click chemistry reactions sequentially, due primarily to the 
need of 50% DMSO for click chemistry and aqueous conditions for the NHS reaction. 
Therefore, reverse phase HPLC (RP-HPLC) was employed to first purify the labelled 
product of the click reaction before starting the NHS coupling reaction. 
RP-HPLC used a C-18 guard column and C-18 column with first buffer of aqueous 
0.1% trifluoroacetic acid (TFA) and a gradient of 100% acetonitrile (ACN) with 0.1% 
TFA. Separation was observed using a single wavelength detector to monitor the dyes’ 
absorbance. Fractions were collected by hand as described in section 6.6.3. A 
vacuum concentrator was used to lyophilise RP-HPLC peaks as described in section 
7.6.3. 
Matrix-assisted laser desorption ionisation mass spectroscopy (MALDI-MS) was used 
for validation of synthesis and purification of HaloPeptides was performed on site at 
the Department of Biochemistry facility by Dr Len Packman. All masses are quoted as 
monoisotopic values for simplicity. 
Labelling of fixed Mis6-GFP S. pombe cells used 4% (w/v) formaldehyde for pre-
labelling and post-labelling fixation. Cell membrane permeabilization was achieved 
with zymolyase and a Triton-X-100 wash, followed by labelling reagent in the presence 
of 0.5% BSA, 150 mM NaCl and 0.1% Tween-20, and washes to remove excess 
labelling reagent, as described in section 6.8.1. 
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Ensemble and SM microscopy of the labelled S. pombe cells was carried out on the 
same instrumental setup as, described in section 6.8.3. 
2.3 Results 
2.3.1 HaloTag ligand design 
To use HaloTag as a targeting module for a STORM probe, a peptide with either the 
Halo(O2) or Halo(O4) ligand at the N-terminus (hereafter termed ‘HaloPeptide’), was 
designed with lysine (Lys) and Pra amino acid residues that could be reacted 
chemospecifically with two different dyes via NHS and click chemistry, respectively, to 
produce the desired activator-emitter pairs, as described in section 1.7. The design of 
the two HaloPeptides (Halo(O2)Peptide and Halo(O4)Peptide) are shown in Figure 
2.1. 
 
Figure 2.1 – HaloPeptide designs.  A Halo(O2)Peptide and B Halo(O4)Peptide. 
As discussed in section 1.4.2.4, there are only certain dye combinations known to 
work for STORM, one of which is Alexa488 as the activator and sulfo-Cy5 as the 
emitter. The azide version of sulfo-Cy5 (sulfo-Cy5-N3) and the NHS version of 
Alexa488 (Alexa488-NHS) were purchased and used to label both HaloPeptides using 
click chemistry and NHS ester chemistry, respectively.  
2.3.2 Chemospecific reaction optimisation 
It was first important to investigate the two different chemospecific reactions we had 
chosen to use for linking dyes to the HaloPeptides. The laboratory had no previous 
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experience with click chemistry and only limited experience with NHS chemistry. It was 
thought unlikely that both reactions could occur in the same reaction pot, given the 
differences in manufacturers protocols, so we proceeded with both reactions 
separately, which required high yield due to only small quantities of the starting 
HaloPeptide substrates.  
2.3.2.1 Click chemistry optimisation 
Click chemistry is not commonly used outside of synthetic laboratories and this 
synthesis requires high yield due to small amounts of starting materials, so optimisation 
of the reaction conditions was necessary. Various reaction conditions were tested for 
their effect of yield, including pH, reagent concentration, different types of DMSO and 
the extent of nitrogen bubbling needed to remove oxygen. We first carried out a pH 
dependence and found an optimum of 8.7 (Figure 2.2A). By varying all these 
conditions, we optimised the yield considerably as summarised in Figure 2.2B, with a 
final yield of approximately 45%, using a dye concentration of 0.88 mM. 
 
Figure 2.2  - Click chemistry optimisation on 50 μl reaction volumes.  A pH dependence for the yield of the 
click chemistry reaction. B Increased yield using higher sulfo-Cy5-N3 concentration, with anhydrous DMSO and 
excess dye (as measured as a fraction of Cy5 absorption signal during RP-HPLC). 
2.3.2.2 NHS chemistry optimisation 
Whilst NHS reactions are often considered trivial, they are normally carried out on 
proteins such as Abs in relatively low concentration. We needed high yields so 
optimisation of the reaction was necessary. NHS esters are sensitive to water 
hydrolysis, which competes with the desired reaction with the amine. Both reactions 
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are slower at low pH because the nucleophiles are more protonated, and both the 
water hydrolysis and the NHS reaction speed up at high pH.  
Initial reaction yields were poor – in the range of 2.4-4.5%, this was improved to 
approximately 40% with pH dependence as shown in Figure 2.3A. Yield was better at 
pH ~7.5, despite the manufacturer’s advice of pH 8.5. Optimal pH conditions were 
achieved by adjusted with 1 M hydrochloric acid (HCl) before NHS-dye addition. The 
optimal pH also varied depending on the identity of the dye-NHS conjugate, for 
example, Alexa488-NHS had a pH optimum of approximately 8.3. 
The manufacturer of the dyes also played an important role in the stability of the NHS-
esters. Considerable difficulty was seen with a period of very low Cy3-NHS reaction 
yields. This was traced to several batches of the dye, which were mostly hydrolysed 
upon arrival, despite being lyophilised for delivery. This was proven by RP-HPLC of a 
brand-new batch as shown in Figure 2.3B. The resulting three peaks were subject to 
MALDI-MS, which identified 2 distinct molecular species. The dominant RP-HPLC 
peaks 1 and 2 both contained hydrolysed Cy3-NHS ester, whereas, the minor peak 3 
was the functional Cy3-NHS. Consultation with the supplier (Lumiprobe) indicated this 
was a general ongoing problem, so a different manufacturer (GE Healthcare) was 





Figure 2.3 – Characterisation of the Cy3-NHS dye.  A pH dependence for the yield of the NHS reaction. B RP-
HPLC trace of brand new Cy3-NHS ester dissolved in DMSO, with the three main peaks labelled. C MALDI-MS 
spectra for RP-HPLC peaks 1-3 from B, plotted on the same X-axis. All three have an inset zoomed region on the 
main set of peaks in that spectrum. Peaks 1 and 2 had a major species of 617.20, Dalton (Da), and Peak 3 had 
spikes at 714.21 Da. 
2.3.2.3 Order of synthesis 
The NHS and click reactions were found to occur under different conditions so they 
had to be carried out sequentially. Since neither reaction achieved ~40-50% yield, the 
products of the first reaction must be separated. This was done using RP-HPLC as 
described in section 6.6.3. Although the order in which the reactions were carried out 
may not have been important, the click reaction was less variable and meant that it 
was logical to use that first. This also had the advantage that the sulfo-Cy5 was added 
first, and then this stock of reactant could be coupled to different activators to test and 
characterise them later. 
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Since the NHS and click reactions conditions are so different, in order to change the 
solvent, the products of the click chemistry and RP-HPLC were lyophilised and stored 
that way until needed.  
2.3.3 Synthesising a dual labelled Halo(O2)Peptide for STORM 
Firstly, Halo(O2)Peptide was labelled using click chemistry link sulfo-Cy5-N3. The 
reagents and desired product are shown in Figure 2.4A-C. A control sample containing 
only the sulfo-Cy5-N3 was run through RP-HPLC with sulfo-Cy5 containing species 
detected by an absorbance of 600 nm (the maximum absorbance of Cy5 is ~650 nm) 
and showed a single peak, indicating a chemically stable dye Figure 2.4D. The 
reaction mixture was then separated in the same way and two separate peaks were 
produced on the RP-HPLC chromatogram in Figure 2.4D, which represent different 
chemical species produced - Halo(O2)Peptide-sulfo-Cy5 and unreacted sulfo-Cy5-N3. 
The desired product was verified by MALDI-MS and had a yield greater than 50%. The 
two products were lyophilised using a vacuum concentrator. 
The lyophilised Halo(O2)Peptide-sulfo-Cy5, was then labelled with Alexa488-NHS, 
and the reaction products separated in the same way, using 600 nm absorption to 
detect Cy5 rather than Alexa488, since unreacted and NHS-hydrolysed Alexa488 was 
in excess to the Cy5 product. The scheme and results for this step are shown in Figure 
2.5. It yielded two distinct species that absorb at 600 nm (Figure 2.5C), each peak due 
to a different species. Peak 2 eluted from the C-18 column at the same time as the 
unreacted Halo(O2)Peptide-sulfo-Cy5, so the first peak was probably the desired 
reaction product. MALDI-MS of the first peak verified this observation by returning a 
monoisotopic mass of 1974.64 Da, within experimental error of the expected 1974.62 
Da. The yield of this second reaction was poor, but was just sufficient material for 
analysis.  





Figure 2.4 – Synthesis of Halo(O2)Peptide-sulfo-Cy5. A sulfo-Cy5-N3 B Halo(O2)Peptide, C the desired product 
Halo(O2)Peptide-culfo-Cy5. D Excitation and emission spectra of Cy5 with the utilized absorbance wavelength, 600 
nm, indicated. E RP-HPLC trace of sulfo-Cy5-N3 in a click reaction mixture with and without Halo(O2)Peptide. F 
MALDI-MS of the latter reaction peak from A shows the expected mass of 1456.58 Da. 




Figure 2.5 – Synthesis of Halo(O2)Peptide-Alexa488-sulfo-Cy5. A Alexa488-NHS B The desired product: 
Halo(O2)Peptide-sulfo-Cy5. C RP-HPLC trace of Halo(O2)Peptide-sulfo-Cy5 with and without Alexa488-NHS. E 
MALDI-MS of the first reaction peak from B shows the expected mass of 1974.64 Da. 
2.3.3.1 Other synthesised HaloPeptides 
Similar reaction schemes were also used to synthesise various other HaloPeptide 
constructs. These are listed in Table 2.1. RP-HPLC traces and MALDI-MS verification 
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of products can be found in the Appendix. To summarise, the click chemistry reaction 
was robust when using sulfo-Cy5-N3, and NHS chemistry with Alexa-488 and Cy3-
NHS. Alexa405-NHS proved difficult to link to the HaloPeptides partly because it has 
no visible colour in aqueous solution, which makes following it difficult and RP-HPLC 
of the dye alone showed that it produced multiple peaks, which were difficult to identify 
and separate from reaction product peaks. Since two other activators were successful 
405-NHS was not pursued further. 
Synthesis using Cy5-N3 (no sulphonic acid groups) was also successful, but the 
hydrophobic nature of this dye made working with it difficult. It produced broad peaks 
in RP-HPLC and was not fully soluble in the NHS reaction buffer, so it was not pursued. 
Dyes added Halo(O2)Peptide Halo(O4)Peptide 






Synthesised Synthesis failed 
Alexa405 
Sulfo-Cy5 
Synthesis failed Not Attempted 
Cy5 Not Attempted Synthesised 
 
Table 2.1 – Attempted synthesis of two different HaloPeptides with sulfo-Cy5 and various activator dyes.  
Control HaloTag ligands were also labelled using Atto655-NHS and Alexa647-NHS. 
The labelled products were also purified by RP-HPLC and verified with MALDI-MS. 
These were used as positive controls for the labelling HaloTag in a biological context 
because Atto655 has been published as being used in this way, so must bind HaloTag 
effectively in cells (Wilmes et al. 2012), and Alexa647 was also expected to work.      
2.3.4 HaloPeptide binding validation 
To investigate the binding efficacy of the HaloTag protein to its dual labelled ligands; 
Halo(O2)Peptide-Alexa488-sulfo-Cy5 and Halo(O4)Peptide-Alexa488-sulfo-Cy5, were 
tested in two different cellular systems – an S. pombe strain containing Mis6-HaloTag 
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(Mis6-Halo) and haploid mES cells with CENP-A labelled with Eos-HaloTag (CENP-A-
Eos-Halo). Both Mis6 and CENP-A are centromeric proteins, which means almost all 
the of these proteins in the cell are localised to the centromeres, which is useful for 
testing binding. 
2.3.4.1 S. pombe centromeric proteins Mis6 and Cnp1 as test systems   
S. pombe is a useful model organism for testing protein localisation because it has 3 
chromosomes, the centromeres of which assemble with many associated inner 
kinetochore proteins including Mis6 and centromeric histone H3 variant Cnp1 (CENP-
A in mammals). This means that the majority of Mis6 and Cnp1 is localised to a small 
region in the centre of a G1 phase cell (or two regions in the case of a G2 cell because 
the DNA segregates before mitosis in S. pombe; Lando et al. 2012).  
When Mis6 or Cnp1 is fluorescently labelled, for example with GFP or with a dye via 
HaloTag, a single bright focus of light approximately 200 nm across is observed under 
a wide field fluorescent microscope. S. pombe strains Mis6-Halo, GFP-Cnp1, and PA-
mCherry-Cnp1, were used as test systems for HaloTag ligands, anti-GFP Nb 
derivatives and anti-PA-mCherry Nb derivatives. These are good test systems 
because the fluorescence of the STORM pairs should be very specifically localised to 
the centromere, which is easily distinguishable. Any non-specific binding should be 
evident.   
2.3.4.2 Haploid mES cell CENP-A-Eos-Halo 
Haploid mouse cells also have condensed centromeric regions with many proteins like 
CENP-A associated there and nowhere else in the genome. However, they have 20 
chromosomes in a haploid cell, and they do not cluster together, like in S. pombe. 
Nevertheless, when fluorescently labelled, they are clearly visible as bright foci in the 
nucleus. Imaging the green form of Eos combined with the fluorophores attached to 
the HaloPeptides, should be seen in the same foci, if covalent labelling of HaloTag is 
achieved. Successful labelling would also indicate if these constructs might be useful 
in mammalian cells.      
2.3.4.3 Halo(O2)Peptide-sulfo-Cy5 labelled S. pombe Mis6-Halo  
We reasoned that a good positive control for HaloPeptide binding was to use the singly 
labelled version first. This is structurally more like HaloTag ligand labelled with a single 
dye that has been shown to work previously (Wilmes et al. 2012; Grimm et al. 2015, 
2016). The results of the labelling are shown in Figure 2.6A. In most of the cells one 
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or two strong foci were seen per cell when imaging the Cy5 channel. When a profile a 
long a line was used to measure Cy5 fluorescence a clear peak was observed for the 
focus, with a maximum signal-to-noise ratio of approximately 4. This is what is 
expected for good labelling, indicating that docking and the covalent linking are not a 
problem for this construct.  
 
Figure 2.6 – Labelling of S. pombe Mis6-Halo with Halo(O2)Peptide-sulfo-Cy5 and Halo(O2)Peptide-Cy3-
sulfo-Cy5. A Cy5 image of an S. pombe cell stained with Halo(O2)Peptide-sulfo-Cy5 in G2 phase, with a single 
centromeric focus in the middle and a profile of fluorescence shown through that focus with the dashed line. B 
Staining of two Mis6-Halo S. pombe cells with Halo(O2)Peptide-Cy3-sulfo-Cy5. Two panels show fluorescence 
detected in the Cy3 and Cy5 channels, and a fluorescence profile for both channels was taken along the dashed 
line indicated in the top cell. Scale bars are shown at either 2 or 3 μm, Cy3 fluorescence was detected with a 561 
nm laser, and band pass filter, whereas, Cy5 was detected with 641 nm light and a 640 long-pass filter.  
2.3.4.4 Halo(O2)Peptide-Cy3-sulfo-Cy5 cannot label S. pombe Mis6-Halo  
Halo(O2)Peptide-Cy3-sulfo-Cy5 was also used to label Mis6-Halo cells. Some 
representative cells are shown in Figure 2.6B imaged in bulk in the Cy3 and Cy5 
channels to attempt to detect both the activator and emitter. Both bulk fluorescence 
images qualitatively show a general spread of fluorescence throughout the cells, with 
some local increases in intensity seemingly randomly dispersed, unlike in Figure 2.6A. 
A profile was taken through one of the cells (Figure 2.6B), which showed more 
quantitively that there was no single clear fluorescent peak, and that background 
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fluorescence was high along that line in both channels. This high background, above 
the extracellular background indicated non-specific binding of the Halo(O2)Peptide 
throughout the nucleus and cytoplasm.  
 
Figure 2.7 – Labelling of mES cells containing CENP-A-Halo with Halo(O2)Peptide-Alexa488-sulfoCy5. A 
Imaged in the 488 nm channel with a band pass filter B Imaged with the 641 laser and a 641 long pass filter. C An 
intensity profile across the same cell for Alexa488 and Cy5 separately. 
2.3.4.5 Halo(O2)Peptide-Alexa488-sulfo-Cy5 could not label mES cell CENP-A-
Eos-Halo  
The other dual labelled Halo(O2)Peptide containing Alexa488 instead of Cy3 was 
tested for HaloTag binding in mES cells instead of yeast. A representative colony is 
shown in Figure 2.7A and B. The cells showed no evidence of strong fluorescent foci 
as would be expected for specific labelling of CENP-A-Eos Halo, and the cross section 
in Figure 2.7C shows both Alexa488 and Cy5 fluorescence spread through the cells, 
but not present outside them, with no intense peak quantitively evident. This indicates 
that Halo(O2)Peptide-Alexa488-sulfo-Cy5 is unable to bind to the HaloTag protein in 
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this construct, despite the Halo(O2)Peptide-sulfo-Cy5 performing well. This may be 
due to non-specific binding to other proteins in the cells, possibly via charge 
interactions as discussed later in Section 2.5. 
2.3.4.6 Halo(O4)Peptide binding assays 
The Halo(O2)Peptides seemed unable to bind HaloTag when dual labelled. This was 
thought to be due to the short linker length, so constructs with the longer 
Halo(O4)Peptide were also tested for specific linking to Mis6-Halo. The longer linker, 
was hypothesised to produce less sterically hindrance, and so provide a better chance 
of specific binding. 
A more all-inclusive set of positive controls was also used: Halo(O4)ligand-Atto655, 





2.3.4.7 HaloTag(O4) ligand-Atto655 
Labelling Mis6-Halo with HaloTag(O4) ligand-Atto655 produced bright clear foci in 
nearly every cell. A representative region of interest is shown in Figure 2.8. Little noise 
was observed from inside most of the cell, indicating a very specific interaction between 
the HaloTag(O4) ligand and the HaloTag protein, even in the dense context of the 
centromere. 
 
Figure 2.8 – Labelling of S. pombe Mis6-Halo with HaloTag(O4) ligand linked to Atto655. Widefield image of 





When Mis6-Halo S. pombe were labelled with the HaloTag(O4) ligand-Alexa647, there 
were also clear and bright fluorescent Cy5 foci evident in many cells, an example of 
which is shown in Figure 2.9. Panel B shows a dominant bright focus in the middle of 
the cell as expected for a G1 phase cell. However, compared to Atto655 labelling, there 
is much more Cy5 fluorescence evident throughout the rest of the cell, which appears 
to cluster locally in some areas. An intensity trace was taken through this cell to 
quantitatively demonstrate the non-homogenous fluorescence. At ~8 micrometers 
(μm) along the line is the clear focus with fluorescence about 3.5-fold above 
background, but there are other local increases, for example at ~6.5 μm, which indicate 
that the construct is also binding non-specifically to other areas in the cell and not being 
washed out during labelling. 
 
Figure 2.9 – Labelling of S. pombe Mis6-Halo with HaloTag(O4) ligand linked via amine to Alexa647. Widefield 
image of a single cell in A WL and B Cy5 fluorescence with 641 nm laser. C Plot of Cy5 fluorescence along the 





Mis6-Halo S. pombe cells were also labelled with dual labelled Halo(O4)Peptide 
containing Alexa488 and sulfo-Cy5 and imaged in bulk fluorescence in the Alexa488  
and Cy5 channels to detect both the activator and emitter. An example field of view is 
shown in Figure 2.10.  
 
Figure 2.10 – Labelling of S. pombe Mis6-Halo with Halo(O4)Peptides linked to Alexa488 and sulfo-Cy5. 
Widefield image of several labelled cells, imaged with A WL as well as the B Alexa488 and C Cy5 channels. 
Both channels show a significant amount of fluorescence within the cells compared to 
outside the cells, which appears spread across most of the cell in each case. There is 
no evidence of bright foci distinctive of the centromere. These images therefore, 
suggest that the dual labelled Halo(O4)Peptide is unable to specifically bind Mis6-Halo, 
but appears to bind non-specifically throughout the cell, and as such is resistant to 





Three dual labelled HaloPeptides were synthesised using click and NHS chemistry to 
link sulfo-Cy5 and Alexa488 (or Cy3) to either Halo(O2)Peptide of Halo(O4)Peptide. 
Each reaction was optimised and carried out before RP-HPLC separation and 
lyophilisation before they were verified by MALDI-MS. 
For the first step in characterisation they were all tested for binding efficacy using the 
S. pombe strain Mis6-Halo or the mES cell line CENP-A-Eos-Halo, a summary of the 
Halo binding experiments for each construct is shown in Table 2.2. 
.  






HaloTag(O4) ligand-Atto655 (positive control) Successful 
HaloTag(O4) ligand-Alexa647 Moderately successful 
Halo(O4)Peptide-Alexa488-sulfo-Cy5 Failed 
 
Table 2.2 – Summary of HaloTag binding results with different HaloPeptide and HaloTag ligand constructs. 
All dual labelled HaloPeptides failed to produce the expected bright fluorescent foci 
seen for these centromeric proteins, whereas control labelling with HaloTag(O4) 
ligand-Atto655 showed strong fluorescent foci in the Atto655 channel, as did singly 
labelled Halo(O2)Peptide-sulfo-Cy5. Despite rigorous washing in high salt buffer, it 
seems that the dual labelled HaloPeptides bind non-specifically throughout the cell. 
Thus, they were classified as unable to bind their target protein in cells.  
This result meant that these dual labelled HaloPeptides as a targeting domain for 




The aim of this chapter was to synthesise dual labelled HaloTag ligand derivatives, 
potentially capable of STORM, and test their binding efficacy in cells. HaloTag ligands 
were chosen due to their simplicity; they are easy to label, HaloTag is readily available 
in useful cell lines and strains, and HaloTag ligands have been shown to bind well in 
cells. Also some dyes are available commercially already linked to HaloTag ligand and 
other groups have used them for many approaches like STED (Stagge et al. 2013), 
dSTORM (Wilmes et al. 2012; Grimm et al. 2015) and single molecule tracking (Grimm 
et al. 2016). 
Dual labelled STORM HaloPeptides, were unable to specifically label HaloTag fusion 
of S. pombe Mis6 or mESC CENP-A. Whilst the reason for this is not known directly, 
the control experiments conducted here gave some indication what the cause may be. 
In the case of the Halo(O2)Peptides neither dual labelled construct was capable of 
producing bright foci in the Mis6-Halo or CENP-A-Eos-Halo strains (Figure 2.6B and 
2.7). However, the singly-labelled probe has one bright focus in the centre of the cell 
shown in Figure 2.6A, this cell is most likely in G2 or early M phase. This means that 
two dyes on the Halo(O2)Peptide cannot bind to Halo-Tag, whereas, one dye on the 
same construct can. There are several potential reasons for this. One is that a second 
dye sterically hinders the HaloTag(O2) ligand moiety at the N-terminus of the 
Halo(O2)Peptide, and so prevents binding. If this were the case without any other 
factors, then the fluorescent construct should be washed out of the cells during the 
steps that normally remove excess dye, which would result in completely non-
fluorescent cells aside from some autofluorescence in the blue-green end of the 
spectrum. Since Figure 2.6B and Figure 2.7 show considerable fluorescence 
throughout the cell, this potential docking problem cannot be the only factor. 
HaloPeptide fluorescence throughout the cytoplasm and nucleus indicates that there 
were strong but non-specific interactions between the constructs and something within 
the cell, which prevent the HaloPeptide linked dyes washing out after incubation. Since 
the singly labelled construct did not have the same problem, it seems the addition of 
an extra dye caused or increased those interactions, although the problem was not 
dye specific as they occurred for both Cy3 and Alexa488. One of the common 
properties of these dyes is their net negative charge in solution – each has two 
sulphonic acid groups that are likely to be ionised in solution, as shown in section 
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1.4.2.4. It is possible that these charges cause the non-specific interactions evident in 
Figure 2.6B and Figure 2.7, since ionic interactions are strong, and several ionic 
interactions within the one HaloPeptide may be sufficient to prevent washing out, and 
prevent free diffusion to the HaloTag target. One possibility is that the labelled 
HaloPeptides bind histones, which are positively charged at neutral pH, and could 
explain non-specific nuclear staining, but does not account for non-specific labelling 
that outside of the nucleus as well, unless there are histones yet to be imported to the 
nucleus after translation. To investigate this, DNA stains like 4',6-diamidino-2-
phenylindole (DAPI) could be used to label the nucleus and investigate whether non-
specific binding of the HaloPeptides is confined to the nucleus, in which case histones 
are the likely cause, or the cytoplasm as well, in which case multiple interactions may 
be involved.  
This speculation is somewhat supported by the Halo(O4)Peptide and HaloTag(O4) 
ligand evidence, presented in Figure 2.8-10. When HaloTag(O4) ligand-Atto655, 
which is likely to be zwitterionic in solution (Figure 1.5B; Wilmes et al. 2012; Grimm et 
al. 2015, 2016), was used, foci were exemplary (Figure 2.8). When the Alexa647, 
which contains 3 negative charges in solution was used, a clear focus was also evident 
but there was also evidence of non-specific binding (Figure 2.9). The dual labelled 
Halo(O4)Peptide-Alexa488-sulfo-Cy5, probably containing 4 negative charges in 
solution, produced high levels of non-specific binding and no evidence of HaloTag 
interaction (Figure 2.10). This trend indicates a correlation between negative charge 
and non-specific interactions during the IF protocol, which agrees with the 
Halo(O2)Peptide data.        
It seems unlikely that the charges directly prevent HaloTag docking, but it may be that 
they do cause many non-specific interactions with other proteins that have positively 
charged surface regions, thus they stick to areas of the cell and do not sample all the 
space to find HaloTag, especially in the small and densely packed region of the 
centromere. This may also be a reason why there are few reports of HaloTag linked to 
sulfo-Cy5 or Alexa647 used for SMLM imaging, other groups may have tried to use for 
instance HaloTag-Alexa647 and found it unspecific and therefore sought other 
targeting methods or dyes. It may be of interest to publish this as a technical note, but 
more data and a detailed explanation would be required. An alternative explanation for 
the lack of HaloTag-sulfo-Cy5 or -Alexa647 may be because labelled Abs are generally 
preferable for fixed cell experiments and HaloTag is primarily used in live cell work, 
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where Alexa647 and sulfo-Cy5 are undesirable because the charge prevents transport 
across the membrane. Indeed, the live cell tracking and live cell imaging field generally 
prefers net neutrally charged dyes, hence the development of JF549 and JF646, as well 
as their PA derivatives (Grimm et al. 2016, 2015). 
To summarise, the dual labelled HaloPeptides did not bind Mis6-Halo or CENP-A-Eos-
Halo specifically, which may be due to steric hindrance, or non-specific interactions of 
the charged dye groups. Future work is needed to look at the non-specific interactions 
involved and find ways around them. Without knowledge of why binding is not 
occurring, future work could focus on different dye combinations with HaloTag ligands 
that may have less tendency to bind off target. For example, the unsulphonated version 
of Cy5 and other cyanines may prove more effective at binding HaloTag. As indicated 
in Table 2.1, synthesis of Halo(O4)Peptide with unsulphonated Cy5 was successful, 
but this construct was very hydrophobic and therefore difficult to react with NHS esters 
in aqueous conditions. There was insufficient time to fully investigate this possibility.  
Whilst labelling of intracellular HaloTag fusion proteins was unsuccessful, it may have 
been possible to label extra-cellular proteins or regions of membrane proteins with 
HaloTag. This may have allowed labelling with the dual labelled HaloPeptides without 
membrane permeabilization and the non-specific interactions observed within the cells. 
This could have been useful in mammalian cells, which do not have a cell wall like S. 
pombe, and have many membrane proteins involved in signalling. Future work may 
investigate the use of dual labelled HaloPeptides for STORM on membrane proteins.    
Alternatively, similar ligands for different target proteins could be investigated, for 
example, SNAP-tag and CLIP. Indeed, a STORM probe has been synthesised for 
SNAP using Cy3 and Cy5 (Dellagiacoma et al. 2010), although this was not extended 
to multicolour STORM. It may have been the case that other STORM pairs were too 
difficult to synthesise. It may also have been the case that HaloTag was also tested, 
but proved not useful because it did not bind and react specifically with the HaloTag 
enzyme. Again it seems possible that other groups might have observed similar non-
specificity and chosen not to publish them.  




3 Design and synthesis of a protein-based STORM probe  
HaloTag ligands are not the only option as targeting modules, and since they seem to 
be unsuitable when linked to 2 dyes, we also investigated Ab based targeting systems. 
As described in section 1.6.1, mammalian IgGs are commonly used for dye targeting 
in dSTORM, STORM and PAINT experiments. However, they have several limitations. 
Their large size may occlude stoichiometric binding; they are bivalent, which may result 
in under-labelling; and they cannot be labelled in a strictly one-to-one basis, but instead 
randomly with Poisson distributed statistics around an average number of dyes per 
molecule.  
Therefore, we decided to investigate Ab-derived short-chain variable fragments 
(scFvs) and nanobodies (Nbs) as potential targeting modules, both of which benefit 
from small size compared to conventional Abs, are mono-valent, and if expressed and 
labelled correctly can be made to have exactly one dye per protein. These reagents 
have been used relatively little for SMLM imaging, and not at all for STORM. The small 
size is a key advantage because it allows greater penetration of densely packed 
cellular targets such as heterochromatin, where epitope binding is unlikely to occlude 
binding of other sites. These advantages mean that a higher proportion of the target 
protein is likely to be labelled, and it may be possible to do more accurate and precise 
counting of proteins. 
To label an scFv or Nb with a STORM pair of dyes in a precise one-to-one ratio is not 
possible with random labelling techniques that have been applied in the past. To 
facilitate this, we designed a peptide like the HaloPeptides (Chapter 2), which could 
be dual labelled with dyes and then ligated using NCL, as described in section 1.7.7, 
to expressed scFvs or Nbs. The peptide structure is shown in Figure 3.1A. It contained 
a C-terminal SBz group, similar to those chosen in the early NCL work (Dawson et al. 
1994), and it is referred to as SBz-peptide in this thesis. This scheme also requires the 
click chemistry reaction, followed by RP-HPLC and lyophilisation, NHS chemistry, RP-
HPLC and lyophilisation, to produce a structure like that in Figure 3.1B, before the 
respective proteins can be ligated to by NCL. The Nb and scFv proteins were designed 
for periplasmic expression, so that signal peptidase cleavage revealed an N-terminal 




Figure 3.1 – An SBz-peptide detector module for linking to dyes and proteins. A SBz-peptide structure, with 
chemospecific reactive groups highlighted in red for dye linkage and in blue for linkage to proteins via NCL B 
Desired structure of the dye-labelled SBz-peptide labelled with Cy3 (pink) and Cy5 (red) before NCL. 
The key aims of this work were to: 
• Synthesise a dual labelled SBz-peptide 
• Express and purify one or more scFvs or Nbs, with N-terminal Cys residues 
• Use NCL to link the scFv or Nb to the dual labelled SBz-peptide 




3.1 Synthesis of a dual labelling SBz-peptide 
To produce STORM probes, an activator and an emitter dye must be linked close 
together. Labelling of the HaloPeptides with sulfo-Cy5 and Alexa488-NHS had been 
successful, so the same approach was used for labelling the SBz-peptide; first linking 
the sulfo-Cy5 with click chemistry, and then labelling with Cy3-NHS or Alexa488-NHS. 
The example purification scheme shown here is for the Cy3-NHS version of the SBz-
peptide, which was similar for Alexa488-NHS.   
3.1.1 SBz-peptide + sulfo-Cy5 
Click chemistry with sulfo-Cy5-N3 was carried out, followed by RP-HPLC separation of 
the reaction products. The RP-HPLC trace of sulfo-Cy5-N3 (Figure 3.2A) alone 
produced a single elution peak at ~14.1 min, as shown in Figure 3.2C. After reaction 
with SBz-peptide, the RP-HPLC trace showed two major peaks plus several smaller 
ones. The first main elution peak had a similar retention time to the dye only control. 
The second major peak that eluted at approximately 16 min was thought to be the SBz-
peptide-sulfo-Cy5, and this was verified by MALDI-MS, which produced a measured 
mass of that peak was within error of expected mass of SBz-peptide-sulfo-Cy5 (Figure 
3.2B), as shown in Figure 3.2D. The other smaller peaks were not identified but are 
likely to be hydrolysis products of the SBz group. The yield of correct product from RP-
HPLC was measured by integrating the area under the absorbance peaks, and was 
found to be 45.55% +/- 2.36% (mean +/- standard deviation of 10 separate 
purifications), roughly equal to unreacted sulfo-Cy5-N3 at 44.28% +/- 3.94%, which 
could be reused subsequently.  
These results demonstrated successful synthesis of the required product, with large 
enough quantity by combining multiple small reactions. They were pooled and 
lyophilised by vacuum concentrator before proceeding to the next step, because the 




Figure 3.2 – Purification and validation of 2+3 cycloaddition product SBz-peptide-sulfo-Cy5. Structures of A 
sulfo-Cy5 reagent and B desired product SBz-peptide-sulfo-Cy5. C RP-HPLC separation of the reaction products 
compared to the unreacted sulfo-Cy5. B Intact peptide MALDI-MS shows the mass of peak 1 matches to the 
expected mass of the product SBz-peptide-sulfo-Cy5, with a measured mass of 1242.52 Da, several peaks at +1, 
2, 3, 4 Da are also strong. 
3.1.2 SBz-peptide-sulfo-Cy5 + Cy3-NHS 
The lyophilised product of the first step, SBz-peptide-sulfo-Cy5, was dissolved in 
DMSO and reacted with the NHS ester of Cy3 or Alexa488 under aqueous conditions, 
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as described in section 6.6.2. The structure of the dye is shown in Figure 3.3A 
together with the desired product – SBz-peptide-Cy3-sulfo-Cy5 in Figure 3.3B. A 
control containing only SBz-peptide-sulfo-Cy5 and mixture were also separated using 
RP-HPLC, and example traces are shown in Figure 3.3C. The control trace contained 
two peaks, instead of the one peak expected for this molecular species. MS confirmed 
this to be due to the hydrolysis of the SBz group from the SBz-peptide-sulfo-Cy5. This 
molecular species also absorbed at 600 nm but eluted earlier in the acetonitrile 
gradient because it lacks the hydrophobic benzene ring. This hydrolysis was seemingly 
unavoidable in alkaline reactions, but since it was only present in relatively small 
amounts it was not regarded as a large problem. 
The reaction of SBz-peptide-sulfo-Cy5 with Cy3-NHS yielded four major products by 
RP-HPLC, labelled 1-4 in Figure 3.3C. These were likely to be the expected reaction 
product SBz-peptide-sulfo-Cy5-Cy3 and the unreacted SBz-peptide-sulfo-Cy5 
together with their requisite SBz-hydrolysis products. To determine which was which, 
UV-vis absorbance spectra of the peaks were taken and they were analysed by intact 
peptide MALDI-MS (Figure 3.3D). These results showed that peak 1 was OH-peptide-
sulfo-Cy5, peak 2 was OH-peptide-Cy3-sulfo-Cy5, peak 3 was unreacted SBz-peptide-
sulfo-Cy5 and, the largest, peak 4 was the desired SBz-peptide-Cy3-sulfo-Cy5, with a 
yield of approaching 50%. This was similar in the case of Alexa488-NHS. 
To minimise the amount of SBz-group hydrolysis, NHS reactions were left for as short 
a time as possible, because a longer reaction seemed to increase the yield of 
hydrolysis products, and after RP-HPLC the products were placed in the vacuum 
concentrator as soon as possible, and lyophilised.  
In summary, Figure 3.3 demonstrates the successful synthesis of a dual dye labelled 






Figure 3.3 – Purifications of SBz-peptide-Cy3-sulfo-Cy5. Structures of A Cy3-NHS reagent and B desired 
product. C Excitation and emission spectra of Cy5 with the utilized absorbance wavelength, 600 nm, indicated. D 
RP-HPLC separation of the reaction products compared to the trace for SBz-peptide-Cy5 alone. E Intact peptide 
MALDI-MS of the product from peak 3 has a mass of 1854.71 Da (second isotope peak), the same as that of the 
desired product from in B, with a zoomed scale inset. 
95 
 
3.2 Targeting protein expression 
To make a complete STORM probe using the synthesised SBz-peptide-Cy3-sulfo-Cy5 
and SBz-peptide-Alexa488-sulfo-Cy5 and NCL, protein targeting modules were 
required with an N-terminal Cys. Two scFv and two Nb constructs were designed for 
this purpose. The aim of this section was to express those constructs in the periplasm 
and purify them with the N-terminal Cys intact for NCL. Expression was carried out in 
LEMO21 E. coli cells and purification was done using nickel affinity and gel filtration 
chromatography. 
3.2.1 Candidate scFv constructs 
Abs are the most widely used tool for labelling cells for STORM and dSTORM imaging, 
but they have the drawback of large size, as discussed in section 1.6.1. However, 
scFvs are much smaller and are potentially simpler to produce, as discussed in section 
1.6.1.3. Therefore, we chose to design two scFvs against c-Myc and FLAG, using 
published Fab structures (Roosild, Castronovo, and Choe 2006; Krauß et al. 2008). 
The two Fab sequences were modified into scFv format using a previously published 
anti-His-tag scFv scaffold (Kaufmann et al. 2002). Figure 3.4A shows the design 
features of both scFvs, including the crucial N-terminus, linker and C-terminal regions. 
The designs included 5 and 8 mutations, to the FLAG and c-Myc constructs, 
respectively, in some solvent facing residues so that VH residues 11, 16, 61, 62, 63, 
64, 106, 182, 183 and VL residues 9 and 44 (with numbering relative to the original Fab 
sequences) were all the same as in the anti-His-tag scFv. In some cases, the residues 
were already the same, hence a different number of mutations were required in each 
construct. The intention was to increase solubility and stability, based on work with the 
anti-His-tag scFv (Kaufmann et al. 2002) and an investigation into scFv stability (Miller 
et al. 2010), which showed that these mutations allow better expression, folding and 
stability. For example, VH K106R facilitates a salt bridge that is thermodynamically 
favourable and helps folding (Kaufmann et al. 2002), and G16E was used in the anti-
c-Myc construct because it also increases stability (Miller et al. 2010), but was not used 
in the anti-FLAG construct as a split strategy. The locations of these mutations relative 
to the respective Fabs are shown in Figure 3.4B-D, and the sequences are aligned by 
domain in relation to the anti-His-tag scFv and parent Fabs in Figure 3.5. An N-terminal 
signal sequence of either PelB or DsbA was also included as shown in Figure 3.6A. 
They target proteins to the periplasm via the SecYEG complex, as described in section 
1.7.9; followed by a Cys at the beginning of the VH domain. The Cys was required for 
96 
 
linkage to the peptide via NCL, and was designed to be present at the N-terminus after 
signal peptidase cleavage of the leader sequence. A C-terminal hexa-His-tag was also 
added for purification and immunodetection. 
 
Figure 3.4 – The structure and design of an anti-FLAG and an anti-c-Myc scFv. A The general arrangement 
of the domains and sequence features, with the sequences for the two different periplasmic exportation leader 
sequences. B-D The structures of the initial Fabs, VH in green and VL in cyan. The surface rendering is shown, with 
those residues that have been mutated in the scFv constructs shown in red. B The anti-FLAG Fab structure (PDB: 
2G60). C and D Two views of the anti-c-Myc Fab, with the corresponding epitope in magenta (PDB: 2OR9). All of 




Figure 3.5 – Sequence alignment for two candidate scFv with their corresponding parent Fabs and the anti-
His-tag-scFv scaffold. A Alignment of the VH domain. B Alignment of the VL domain. Hypervariable loop regions 




Both scFv plasmid constructs were purchased with a DsbA signal sequence 
immediately before the important Cys. An alternative signal sequence in common 
usage was the PelB leader, so the constructs were both altered using restriction 
cloning, as described in section 6.5.1, to contain the PelB leader so that both signal 
sequences could be tested. The resulting N-terminal sequences generated by DNA 
sequencing are shown in Figure 3.6.   
 
Figure 3.6 – Sequence alignment for two candidate scFv N-termini, including the entire VH domain with two 




3.2.1.1 Anti-FLAG and anti-c-Myc scFv expression 
Expression and cellular processing of these constructs was studied by Western 
Blotting using an anti-His-tag Ab, to determine whether they expressed and whether 
they were successfully secreted into the periplasm. Whilst a well characterised 
periplasmic scFv [PelB-anti-β-Galactosidase (anti-β-Gal); a gift from John McCafferty], 
was expressed in both the periplasm and cytoplasm of E. coli BL21 cells; the PelB-
anti-FLAG, DsbA-anti-FLAG, PelB-anti-c-Myc and DsbA-anti-c-Myc scFvs were only 
detected in the insoluble fraction of the cell (an example is shown in Figure 3.7B). This 
implies that they aggregated in the cytoplasm, which precluded transport to the 
periplasm, where folding would occur. This may have been due to insufficient numbers 
of chaperone proteins that bind the unfolded peptide chains until they were transported 
to the periplasm, too fast expression, or that the scFv designs are inherently likely to 
aggregate.  
To test the possibility that aggregation was caused by overwhelming of the chaperone 
and transport systems, we tested multiple conditions that should have reduce the rate 
of expression and therefore made successful secretion more likely. Methods to do this 
included lowing the temperature of culture during induction, and using E. coli strains 
like LEMO21, which had a pLEMO21 plasmid with a rhamnose inducible lysozyme 
gene to inhibit RNA polymerase. Increasing the concentration of rhamnose, therefore, 
inhibits scFvs expression more.  
The same result of scFvs present in the insoluble fraction of the cytoplasm was also 
obtained under the various conditions designed to slow expression: lower induction 
temperature (16⁰C, 30⁰C and 37⁰C), rhamnose concentration (0, 0.1, 0.5, 1.0 and 2 
M) in LEMO21, and induction mechanism (IPTG or auto-induction). The results in each 
case were similar to Figure 3.7B – the protein was nearly always expressed, but only 
in the insoluble fraction of the cytoplasm. These experiments suggested that these 
scFvs aggregated within the cell before the co-translational (DsbA) or post-
translational (PelB) chaperones could bind and transfer them to the export machinery. 
This suggestion was supported by evidence from a large scale DsbA-anti-c-Myc 
culture that contained the protein (as seen by Western Blot), but which could not be 
purified on Ni-NTA beads. This indicated that the His-tags were ‘hidden’ from the beads 
prior to denaturation, but when denatured on an SDS gel, the tags become ‘visible’ to 




Figure 3.7 – Anti-c-Myc and anti-FLAG-scFvs could not be expressed and exported to the periplasm; they 
remain in the insoluble fraction. A Western Blot for positive control protein, PelB-anti-β-Gal-scFv, shows that the 
method of expression, periplasmic extraction and purification works. B Western Blot of DsbA- and PelB-anti-c-Myc-
scFv (~30 KDa) in LEMO21 cells, grown in a 50 mL culture at 16°C overnight; shows that none of the scFv is 
exported to the periplasm. In both of the examples the positive control for the Western Blot itself is p48 with a C-
terminal His-tag. 
To obtain soluble scFvs, Medimmune were approached for help in design and 
expression of scFvs. They successfully expressed scFvs against FLAG and CHD4 
through the conventional isolation of mAbs from serum and affinity maturation, 




3.2.2 An anti-GFP Nb 
Expression of scFvs as targeting modules for STORM probes proved fruitless, so Nbs 
were investigate as alternative targeting modules. They were thought to be better 
prospects because expressed constructs from previous reports were readily available, 
so there would be no design complications and the single domain nature of Nbs means 
they are more likely to express and fold correctly than scFvs. 
A plasmid for expression of an anti-GFP-Nb (hereafter GFPNb) was obtained directly 
from the Collins laboratory in the pOPIN-E vector (Kubala et al, 2010), as described in 
section 6.5. This construct had been used for a crystallographic study so was likely to 
be robustly expressed. 
3.2.2.1 Adding N-terminal signal peptides to a GFPNb. 
The coding sequence for the original construct was unsuitable for periplasmic 
expression and subsequent NCL, so it was altered using Gibson Assembly as 
described in section 6.5.2. Both resulting sequences are also shown aligned to the 
original in Figure 3.8, they contain the N-terminal signal sequences PelB or DsbA, and 
a subsequent CysGlu pair that should be optimal for signal peptidase cleavage. 
 
Figure 3.8 – Sequences of the GFPNb with the signal sequences after alignment with the parent gene 
obtained from the Collins laboratory (Kubala et al. 2010). * indicates the same residue and : indicates a 
chemically similar residue. 
3.2.2.2 Optimisation of Nb expression conditions 
GFPNb expression was initially carried out using LB medium and periplasmic 
extraction and purification. It was found that both the PelB or DsbA signal sequence 
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facilitated successful export into the periplasm and that they were secreted or leaked 
into the extracellular medium during cell culture. It was simpler and cheaper to purify 
the protein from the medium than to do a conventional periplasmic extraction. All 
preparative purifications were done with the PelB-GFPNb, which was chosen 
arbitrarily. 
The purification yield for periplasmic and medium purification was considerably lower 
than cytoplasmic purifications, because the amount of functional protein is limited by 
the periplasmic export machinery rather than by the translation machinery. Thus, 
optimising yield is critical for these methods of purification. Various conditions were 
investigated to optimise yield as shown in Figure 3.9. It was found that in 50 mL 
cultures using LB medium did not produce sufficient Nb to be detectable by SDS-PAGE 
and Coomassie stain, whereas, M9 minimal medium cultures of the same size did 
(Figure 3.9A). Further optimisation showed that when 1 L minimal medium cultures 
were induced at OD600 ~0.7-0.8, and moved from 37ºC to a lower temperature for 
different lengths of time, approximately 5 hours of culture at 16ºC yielded the most 
protein after His-tag purifications and SDS-PAGE analysis, as shown in Figure 3.9B. 
SDS-PAGE revealed two bands were observed at approximately 14 and 26-31 KDa. 
Reducing the GFPNb with 10 mM dithiothreitol (DTT) and re-analysis by SDS-PAGE, 
as shown in Figure 3.9C, almost entirely removed the higher MW band. Therefore, the 
higher band was probably a disulphide linked dimer. This conclusion was later 





Figure 3.9 – Optimising GFPNb expression in E. coli strain LEMO21. A SDS-PAGE comparison of expression 
using different culture media. B SDS-PAGE comparison of Nb yield after different induction temperatures and 
lengths of time. C SDS-PAGE gel with concentrated GFPNb after Ni-NTA purification, with and without 10 mM DTT 
reducing agent. (Dimer and Monomer, or D and M are indicated with arrows). ‘E1’ denotes ‘elution fraction 1’ and 
so on, FT indicates the flow-through from the nickel-nitrilotriacetic acid (NiNTA) column. 
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3.2.2.3 Expression and Ni-NTA purification 
When expressed in the LEMO21 E. coli strain the GFPNb was secreted to the 
periplasm and into the media using the optimised conditions described in section 6.3. 
It was purified via its C-terminal hexa-His-tag and analysed by non-reducing SDS-
PAGE, as shown in Figure 3.10A. The gel showed protein eluted from a Ni-NTA gravity 
column in good yield, with two bands at approximately 14 KDa and 26-31 KDa, 
representing the monomer and disulphide linked dimer. Thus, the expression and Ni-
NTA purification were successful. 
3.2.2.4 MALDI-MS 
It was important to confirm that the N-terminal Cys residue was present and available 
for NCL linkage to the dual labelled SBz-peptide. SDS-PAGE is not precise enough to 
determine this, so the Ni-NTA purified Nb was analysed by MALDI-MS.   
The results of MALDI-MS showed experimental masses of 13,770; 13782.2 Da and 
13796.7, with an expected mass of the monomeric Nb cleaved before C23 (PelB-
GFPNb) of 13769.22 Da. This indicated that the correct product with the Cys free at 
the N-terminus was present. However, the other experimental masses did not 
correspond to either the correct mass nor to signal peptidase cleavage at other points. 
They were suspected to be post-translational modifications of the N-terminal Cys 
sulphur atom, because when the dimeric species was studied by MALDI-MS, no 
modifications were observed. This result meant that to ensure all the protein present 
is capable of NCL, it needed further purification. 
3.2.2.5 Gel Filtration 
One potential method was to use gel filtration chromatography to select for the dimeric 
species and then reduce that before NCL. As described in section 6.3.5, a 24 or 320 
mL S75 column was used to separate the low MW species and the eluted fractions 
were analysed by non-reducing SDS-PAGE. The A280 curve is shown in Figure 3.10B 
and the gel in Figure 3.10C. The A280 trace shows that there were two distinct peaks, 
suggestive of successful separation, the dimer was expected to be the first peak, as it 
is larger. The corresponding elution fractions on the gel in Figure 3.10C (D10-D12) 
show a larger amount of dimer band than monomer. Conversely the later peak shows 
bands that contain more monomer. This indicates that separation of monomer and 
dimer was successful. However, there was likely to be some equilibration between the 




Figure 3.10 – Purification of dimeric GFPNb. A Non-reducing SDS-PAGE gel of NiNTA purification shows 
monomer and dimer bands. B Gel Filtration A280 curve of Nb, on a S200 column facilitates separation of the 
monomer and dimer. C The non-reducing SDS-PAGE gel of the gel filtration fractions across the two dominant 
peaks. D The intact MALDI-MS results for the separated monomer (orange) and dimer (blue) peaks, with masses 
at (*) 13,770 Da, the expected mass of the monomeric Nb; (**) at 13782.2 Da and (***) at 13796.7, which represent 
chemically modified forms of the monomeric Nb. 
3.2.2.6 MALDI-MS analysis of monomer and dimer 
To determine whether the N-terminal Cys of the dimer was free, unmodified and 
capable of NCL, MALDI-MS was carried out on the separated monomer and dimer 
fractions. The results are shown in Figure 3.10D. The monomer sample showed 
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multiple peaks, but the dimer only sample mainly contained a single species, with mass 
equal to 13770.0 Da, within error of the expected mass of 13769.22 Da. This showed 
that the dimer population had a protected N-terminal Cys, which was likely functional 
for NCL. The monomer population on the other hand had several unexplained peaks 
in addition to the expected one, which were likely the result of post-translational 
modification, which made it useless for NCL. 
3.2.2.7 NCL 
The final step of STORM probe synthesis was to link the labelled SBz-peptide from 
section 3.1 to the purified GFPNb and to confirm its identity. The desired product is 
referred to as GFPNbCy3Cy5 and its structure and expected mass are shown in 
Figure 3.11C. The NCL reaction was carried out according to a previously published 
protocol (Bartke et al. 2010), as described in section 6.6.4. NCL was followed by Gel 
Filtration on a NAP-5 column to separate the unreacted SBz-peptide from the labelled 
protein and the elution fractions were analysed by non-reducing SDS-PAGE and 
imaged for fluorescence as shown in Figure 3.11A and B. This showed that the 
concentration of protein was too low to be observed by Coomassie stain, but two 
fluorescent Cy5 bands were detected at a MW of approximately 14 KDa. This indicated 
that the protein has been covalently linked to the dual labelled SBz-peptide. To confirm 
labelling, the final product was also analysed by MALDI-MS (Figure 3.11D). A mass 
was observed at 15503.6 Da within error margins of the expected mass 15502.37 Da 
for GFPNbCy3Cy5 shown in Figure 3.11C and a yield of approximately 90%. This 
meant that ~10% of the GFPNb remained unlabelled, which needed to be taken into 
consideration for later quantification experiments. While better resolving methods such 
as ion exchange chromatography were investigated to separate peptide labelled Nb 
from unlabelled, none of these approaches were successful.  
Overall, a GFPNb had been successfully expressed and purified for NCL, and linked 
to the SBz-peptide-Cy3-sulfo-Cy5 to form GFPNbCy3Cy5. The NCL reaction with 
GFPNb was also carried out using SBz-peptide-Alexa488-sulfo-Cy5 with similarly 




Figure 3.11 – NCL successfully links together GFPNb and doubly labelled SBz-peptide. A and B The same 
non-reducing SDS-PAGE gel imaged using A Coomassie stain and B Cy5 fluorescence. C The structure of the 
desired GFPNbCy3Cy5 with the dyes highlighted in red and he GFPNb simplified and highlighted in blue. D MALDI-
MS shows that the product from NCL has a mass of 15503.6 Da consistent with the expected masses of 15504.3 
or 15502.3 when ionization is dominated by the 4’ ammonium or protonation, respectively. 
 
3.2.2.8 Testing the labelled GFPNb 
To test whether this dual labelled GFPNb construct was a viable STORM probe, it was 
necessary to test its ability to bind their respective antigens, because it may not have 
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folded correctly and the addition of the dual labelled peptide may have hampered the 
epitope binding site. GFPNbCy3Cy5 binding was tested using the S. pombe 
centromeric protein Cnp1 (CENP-A), which had already been labelled with GFP 
(Takayama et al. 2008).  
Cultures of this strain were grown, and made into spheroblasts, permeabilised and 
labelled as described in section 6.8.1. They were imaged for Cy5 signal at low 641 
laser intensity to prevent Cy5 blinking, and the images compared to ensemble images 
of GFP. Good labelling was expected to produce co-localised Cy5 and GFP in one of 
two foci in the middle of the cell.  
For GFP-Cnp1 plus GFPNbCy3Cy5 the results for one representative field of view are 
shown in Figure 3.12. All the cells in the white light image have GFP foci when 
illuminated with 488 nm laser light, as expected, although some are dimmer, due to 
imperfect laser illumination. The same field of view imaged with 561 and 641 lasers to 
detect Cy3 and Cy5 fluorescence, which show bright foci in most, although not all of 
the cells. Figure 3.12E-F show that for one of these cells the fluorescence signal for 
all three channels increases at the same position on a cross-section through one cell 
– a strong indication of co-localisation of the foci in different channels. Taken together 
these data show that the Cy3 and Cy5 fluorescence co-localise with the GFP-Cnp1 
fluorescence at the centromere, strong evidence of good labelling, meaning the 





Figure 3.12 – GFPNbCy3Cy5 successfully labels GFP-Cnp1 in S. pombe cells. A-D show the same field of 
view containing 3 cells; A GFP, B Cy5, and C Cy3. D Fluorescence profile for all three colours along the dotted line 




3.2.3 An anti-mCherry-Nb for periplasmic expression and NCL 
Successful expression, purification and labelling target binding of the GFPNb construct 
potentially allowed for single colour STORM imaging. However, two different activator-
emitter constructs with different targeting modules are required to attempt dual colour 
STORM imaging. Therefore, we also attempted similar purification, expression and 
labelling with an anti-mCherry-Nb (hereafter mCherryNb).  
An mCherryNb, LaM-4 from Fridy et al (2014), was selected from the six candidates 
they characterised, based upon its high affinity for mCherry and low cross-reactivity for 
GFP (Fridy et al. 2014). It was also adapted for periplasmic expression in E. coli, His-
tag purification and subsequent NCL. It was also based upon the successfully 
expressed and NCL linked GFPNb designed and expressed in section 3.2.2. The 
construct had an N-terminal DsbA signal sequence with a subsequent CysGlu to 
optimise signal peptidase cleavage, as shown in Figure 3.13 aligned with the original 
LaM-4 sequence (Fridy et al. 2014) and DsbA-GFPNb sequence for comparison.  
 
Figure 3.13 – Sequence alignments of the nanobodies: GFPNb and mCherryNb both with the DsbA signal 
sequence and hexa-His-tag modifications compared to the original mCherryNb (Fridy et al. 2014; LaM-4). The 
comparison underneath denotes similarity between the sequences; * an identical residue, : a different residue with 
strongly similar chemical properties, whereas . denotes a different residue with weaker chemical similarity. Red 
regions indicate the 3 CDRs, and the N-terminal signal sequences are shown in orange as well as the subsequence 
CysGlu, in blue, which are revealed after signal peptidase cleavage. 
Apart from the essential changes required for periplasmic export, purification and NCL, 
several small modifications to the N- and C-termini of LaM-4 were adapted to mirror 
the GFPNb as closely as possible because it had expressed, transported and purified 
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very effectively, thus the 3 N-terminal residues of LaM-4 were removed and replaced 
by the crucial CysGlu to maximise likelihood of effective cleavage by the periplasmic 
signal peptidase, as suggested by Choo et al (K. H. Choo, Tong, and Ranganathan 
2007). Similarly, the 3 C-terminal residues of LaM-4 were removed and replaced with 
the hexa-His-tag successfully used to purification with the GFPNb. 
Notably, this construct is slightly larger than the GFPNb, with a predicted mass of 
14406.90 Da after signal peptidase cleavage, compared to 13769.22 Da for the 
GFPNb.  
3.2.3.1 Expression and purification 
This mCherryNb construct was expressed in a similar way to the GFPNb using the 
LEMO21 E. coli strain and IPTG induction at 16ºC in M9 minimal medium to secrete 
the protein into the periplasm for folding and signal peptidase cleavage of the N-
terminal DsbA signal sequence. 
The expression and purification of the protein was analysed by SDS-PAGE and 
MALDI-MS (Figure 3.14A). Both methods revealed that both monomer and dimer 
species were slightly truncated at the C-terminus, since the N-terminal Cys is required 
for dimerisation. Separation of the monomer and dimer was performed by gel filtration 
as shown in Figure 3.14B, and analysed by SDS-PAGE (Figure 3.14C). The results 
show that the dimer was successfully separated by gel filtration. MALDI-MS was then 
used to asses if the N-terminal Cys is capable of NCL (Figure 3.14D).  Unfortunately, 
it showed that whilst the expected mass of 14406.90 Da peak was present, most of the 
detected ions were not at the expected mass. The 12829 Da peak was determined to 
be the result of a contamination during the MS process itself as it was observed during 
multiple runs of unrelated samples, so does not reflect any property of the mCherryNb. 
The additional higher than expected masses of +30-100 Da in Figure 3.14D, proved 
more difficult to remove. It was thought that masses with more than expected mass 
could result from oxidation of the N-terminal Cys, so reduction was attempted with 5 
mM DTT at 37 °C for 30 min. This reduced the size of the 14436.4 and 14470.7 Da 
peaks but also reduced the size of the correct 14406.1 Da peak, so it was judged 
ineffectual. A solution for this sub-optimal result was not found owing to time pressure. 
It was hoped that the modifications were not to the N-terminal Cys itself but elsewhere 




Figure 3.14 – Purification of dimeric mCherryNb. A Non-reducing SDS-PAGE gel of NiNTA purification shows 
monomer and dimer bands. B Gel Filtration A280 curve of Nb on a S75 column facilitates separation of the monomer 
and dimer. C Non-reducing SDS-PAGE gel of the gel filtration fractions across the two dominant peaks. D The intact 
MALDI-MS results for the separated dimer factions (BX-Y from C), with major mass peaks at 1 – 14373.736 Da, 2 
– 14406.083 Da, 3 – 14436.428 and 4 – 14470.679 Da plus a large peak at 12829.906. 
 
3.2.3.2 NCL 
The final step in modifying this mCherryNb for STORM probe was to link the dual 
labelled SBz-peptide via NCL, and confirm that the labelling worked. NCL was carried 
out as described in section 6.6.4. The reaction product was purified using a NAP-5 
column and analysed by SDS-PAGE, UV-visible absorption spectroscopy and MALDI-
MS. The SDS-PAGE results are displayed in Figure 3.15A-C; they showed a pair of 
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bands at approximately 18 KDa in the Coomassie stained gel as well as when imaged 
for Cy3 and Cy5 fluorescence, which indicated that the protein was successfully 
labelled. There was also a fluorescent band below the smallest 8 KDa marker, which 
did not stain with Coomassie. This was probably the unreacted SBz-peptide-Cy3-sulfo-
Cy5. The absorption spectrum of the product, shown in Figure 3.15D also supported 
labelling as the product absorbed at 280 nm, as well as at ~550 nm and ~650 nm, as 
expected for a protein containing Trp, Cy3 and Cy5, respectively.  
MALDI-MS was used to confirm labelling and examine the extent of the reaction, as 
shown in Figure 3.15E. The mass spectrum showed the presence of at least three 
distinct species, each with several peaks that are much closer in mass. The set of 
peaks at ~14464.78 Da contains major masses of 14405-14569 Da, which 
corresponds to the unlabelled Nb (expected mass 14406.90) and the covalent 
modifications also observed in Figure 3.14D. The peaks at 16135.477 & 17870.960 
Da comprise just one major mass peak, which correspond to the mCherryNb with one 
and two dual labelled peptides attached via the N-terminal Cys (singly labelled, 
referred to as mCherryNbCy3Cy5, and doubly labelled, mCherry(NbCy3Cy5)2), 
respectively, which have expected masses of 16129.58 and 17877 Da. There is also 
a peak at 8936.897 Da, which is the doubly charged ion of the 17870.96 Da peak. 
Whilst MS is not quantitative because different ions fly differently, the general indication 
seems to be that more than 1/3 of the mCherryNb is labelled with two peptides 
(therefore four dyes), whereas, less than 1/3 is labelled with a single STORM peptide, 
and less than 1/3 remains unlabelled. The double-labelling was problematic, because 
it prevented reliable quantitative measurements. It was probably caused by the N-
terminal Cys linking to one SBz-peptide via its primary amine and another via its 
sulphydryl group, thus it should be easily removed by addition of a reducing agent such 




Figure 3.15 – NCL successfully links mCherryNb and dual labelled peptide. A-C The same non-reducing SDS-
PAGE gel of Nb imaged using A Coomassie stain B Cy3 fluorescence and C using Cy5 fluorescence. 2 bands for 
mCherryNbCy3Cy5 and 1 band for the unreacted Peptide-Cy3-sulfo-Cy5. D UV-visible absorbance spectrum of the 
protein bands from A. E MALDI-MS trace with peaks for the dominant masses. The expected product has a mass 
of 16129.58 Da. With an inset zoomed in on the three important peaks. 
These results show at least partially successful labelling of the mCherryNb with SBz-
peptide-Cy3-sulfo-Cy5 via NCL and confirmed by MALDI-MS. However, the high 
degree of unlabelled, doubly labelled and unidentified covalent modifications meant 
that this reagent was not good enough to use for further imaging work, so this construct 
was abandoned with insufficient time to optimise the purification and labelling. 
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3.3 GFPNbCy3Cy5 for preliminary STORM imaging of GFP-Cnp1 
Section 3.2.2 presented good evidence that we could synthesise an epitope binding 
GFPNb labelled stoichiometrically with Cy3 and Cy5 via an SBz-peptide. We therefore 
proceeded to image the construct under conditions suitable for Cy5 blinking to show 
the construct could be useful for SMLM imaging in cells. The protocols and analyses 
are described in detail in section 6.8.4 and a summary is shown in Figure 3.16A. 
Centromeric clusters of Cy5 localisations were used to estimate the number of GFP-
Cnp1 at the centromere, since previous work had investigated the number of Eos2-
Cnp1 in S. pombe cells (Lando et al. 2012), it was thought possible to roughly measure 
the number of GFPNbCy3Cy5 and compare to the published results as a preliminary 
test. Previous counting methods have used numbers of blinks (Hummer, Fricke, and 
Heilemann 2016; Karathanasis et al. 2017; Krüger et al. 2017; Lando et al. 2012) and 
numbers of localisations (Ricci et al. 2015; Zanacchi et al. 2017) to count fluorophores, 
however these were not thought to be effective approaches of counting 
GFPNbCy3Cy5 in the context of Cnp1, because both would be affected by the high 
density of GFPNbCy3Cy5 at the centromere cluster and large number of blinks Cy5 
before bleaching, and so analysis was likely to underestimate both number of blinks 
and localisations, especially when multiple Cy5 could have been activated 
simultaneously. Instead, we opted to measure total intensity detected from the 
fluorophores, which was thought not to be affected by high Cnp1 density, and divide 
that by the average total number of photons produced by a GFPNbCy3Cy5 molecule 
on a SM surface (378.9 photons per GFPNbCy3Cy5, this was from data discussed 
later in section 4.2.7). The results are shown in Figure 3.16B-E. 
The data showed that Cy5 could be made to blink in and allow SR image reconstruction 
(Figure 3.16C), therefore, the GFPNbCy3Cy5 was a shown to be a useful SMLM tool. 
Cy5 was also readily activated by manual 561 nm activation, which was good evidence 
that the STORM probe was also functional, although we could not, at this stage, 
discount the possibility that Cy5 absorbed the 561 nm light directly causing it to re-





Figure 3.16 - Premilitary STORM data acquisition in S. pombe cells. A Methodology scheme for the experiment. 
B Wight light (WL) and GFP images of an S. pombe cell highlight the centromere, with a zoom in on the centromere 
inset C Super-resolution image of the same S. pombe cell after imaging, localisation and image reconstruction. A 
zoom in of the centromere Is inset. D Previously published box plot showing number of mEos2-Cnp1 molecules per 
centromere (adapted from Lando et al. 2012, Figure 4A). E Box and whisker plot of number of GFPNbCy3Cy5 
detected in this experiment calculated by number of photons, the data for a total of 29 cells was used. 
  
Whilst several technical problems were encountered, data for ~ 50 cells were initially 
collected over several weeks, and of these 29 videos were judged sufficient quality to 
analyse for numbers of molecules, as shown in Figure 3.16E. Other videos were 
discounted due to poor laser alignment, Z-drift, insufficient blinking and apparently 
short total on-times. The box plot showed some qualitative similarity to the numbers of 
molecules previously observed by Lando et al (2012; Figure 3.16D), because the 
general increase in mean numbers of GFPNbCy3Cy5 from early- to late G2 phase and 
subsequent decrease was evident. However, the absolute number of molecules and 
statistics were not as similar as we had hoped, for example the mean number of 
GFPNbCy3Cy5 detected in early G2 was 48 with a range of 238 in our dataset 
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compared to the previous data mean ~ 50 and range ~50. Clearly the GFPNbCy3Cy5 
produced more variation that the mEos2 data, but it was difficult to assign the cause 
of this to any one factor due to several technical limitations as well as the inherent day-
to-day variation of the setup. Nevertheless, there was a degree of similarity in the 
number of GFP-Cnp1 to mEos2-Cnp1, which indicated several key points: firstly, 
GFPNbCy3Cy5 appeared to label most of the GFP-Cnp1 in the cells, secondly, SMLM 
imaging was possible in the cells, with 561 nm STORM activation a useful option in 
this context. This was important because S. pombe have seemed difficult to use with 
Halo- and SNAP-dyes for dSTORM due to lack of blinking so PA-FPs have been 
preferred (Endesfelder et al, unpublished). 
Imaging GFPNbCy3Cy5 in cells was a significant step to show it could be a useful 
SMLM tool and may be comparable to other quantitative methods like mEos2. Further 
work counting GFP-Cnp1 was not pursued due to microscope availability and large 
amounts of time taken to collect sufficient data. Future approaches could use more 
stable setups, fiducial markers to correct for XY drift, and possibly an asymmetric lens 
to allow multiple centromeres to imaged simultaneously and reduce total imaging time. 
Additional methods could use cell cycle synchronisation to ensure sufficient numbers 
of cells from each cell cycle phase are collected.       
3.4 Summary 
The aims of the work in this chapter were to synthesise a dual labelled STORM probe 
and link one copy to a functional protein targeting domain, based upon either an scFv 
or a Nb. This work involved optimising the chemospecific NHS and click chemistry 
reactions to produce a dual labelled peptide, as well as the design, optimisation, 
expression and purification of potential scFvs and Nbs to link that peptide to, as well 
as testing the produced constructs for epitope binding.   
The SBz-peptide was successfully dual labelled with Cy3 and sulfo-Cy5 as well as 
Alexa488 and sulfo-Cy5 dyes in close proximity, which are thought to be suitable for 
STORM. The labelled peptides were purified by RP-HPLC and chemical structure 
confirmed by MALDI-MS. 
Expression of periplasmic scFvs against the FLAG and c-Myc epitopes proved 
unsuccessful. Whilst expression was detected by Western Blot, they were only ever 
present in the insoluble fraction of the cellular pellet, this was indicative of aggregation. 
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In contrast, two Nbs against GFP and mCherry were successfully expressed in the 
periplasm of LEMO21 E. coli cells. Initial purifications were from LB medium, but 
optimisation of these conditions showed that the use of M9 minimal medium and 
induction at 16ºC for 3-5 hours produced a higher yield. SDS-PAGE analysis revealed 
that both Nbs can form N-terminal disulphide linked dimers. MALDI-MS showed that 
both GFPNb and mCherryNb were post-translationally modified, with multiple mass 
peaks above that of the expected mass. In the GFPNb case, MALDI-MS after 
separation of the monomer and dimer fractions by gel filtration showed that the dimer 
contained little modification. Gel filtration was therefore carried out before NCL, to 
ensure as much functional N-terminal Cys as possible was available. For the 
mCherryNb it was not possible to obtain an unmodified sample, for reasons that are 
currently not known. Covalent modification occurs at some point during expression or 
purification, which is not removed by the DTT reduction that was attempted. This 
indicated that the modifications are probably not caused by oxidation of the N-terminal 
Cys sulphhydryl group, but may be by modifications of the N-terminal amine group, 
which would also preclude the acyl shift step in NCL.  
NCL was successfully used to link the chemically synthesised SBz-peptide-Cy3-sulfo-
Cy5 to both Nbs, and seemed to work robustly. Correct labelling of the GFPNb was 
confirmed by MALDI-MS. Although the amount of labelling was variable between 
batches, a batch was obtained with over 90% singly labelled GFPNb (Figure 3.11). 
Such little material is required for SMLM, this one well labelled batch was sufficient for 
subsequent experiments. 
GFPNbCy3Cy5 labelled GFP-Cnp1 in S. pombe with high specificity since microscope 
images showed low Cy3 and Cy5 fluorescence in most of the cell apart from a very 
high intensity focus at the centromere, which co-localised with GFP fluorescence. This 
construct was then used to show that SMLM imaging using 561 nm activation was 
possible and produced SR images and reasonable although variable numbers of GFP-
Cnp1 at the centromere cluster.   
3.5 Discussion 
The successful expression of two Nbs in LEMO21 E. coli and the failure to express two 
scFvs was not particularly surprising because the Nb sequences were taken directly 
from published work which required good expression for structural and functional 
studies (Fridy et al, 2014; Kubala et al, 2010). The scFvs on the other hand, were 
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designed based on Fab fragments (Rooslid et al, 2006; Hipbert et al, 2001; Shiweck 
et al, 1997) and an scFv scaffold (Kaufmann et al, 2002). Clearly rational design in this 
way cannot take account of all the factors needed for successful transport and folding 
of an scFv. There may be several reasons, however, it is well known that scFv 
development is done commercially by randomly combining VH and VL domains from 
polyclonal IgG antisera. Most combinations cannot bind their epitope and so are not 
selected by phage display and similar methods, so the likelihood of any one design 
expressing and folding correctly here was also low. Despite using constructs with 
optimised stability, the chances of successful folding were low and the constructs 
proved unable to transport to the periplasm. Aggregation in the cytoplasm, even at low 
expression rates, indicated that the constructs’ hydrophobic regions led to aggregation 
before transport could occur. This may have been due to the E. coli expression system 
used here, which is naturally very fast compared to eukaryotic or mammalian 
expression systems which may have been more successful for these constructs, also 
with more chaperones aggregation may have been prevented.   
Furthermore, different Abs develop different ligand affinities through somatic 
hypermutation and VDJ recombination during B-cell maturation. These processes 
produce insertion and deletion mutations in the FV domain relative to other Abs as well 
as substitutions. The design process here only took account of small changes in 
structure between the anti-His-tag scFv and the anti-c-Myc/anti-FLAG Fab structures, 
mostly by substituting in residues in the CDRs. As shown in Figure 3.13, however, the 
CDRs vary in length between FVs and the anti-c-Myc VH is 13 residues longer than 
either of the other two. Arranging the appropriate CDR residues onto a shorter scFv 
scaffold maybe the reason the anti-myc-scFv was unable to fold correctly, causing 
aggregation. The anti-FLAG FV was more like the anti-His-tag FV, at the same length, 
so may have been more likely to fold correctly, but the CDRs are in subtly different 
positions. These loops contain the residues for epitope binding, and so being out of 
position a little compared to the scaffold, may have caused the structural problems 
preventing expression. Furthermore, the residues in the loops are often hydrophobic 
to promote epitope binding via favourable exclusion of water, so a subtle imbalance of 
hydrophobic nature may have triggered unfolding of the anti-FLAG construct, but not 
be a problem in the anti-His-tag case. 
The likelihood of expressing rationally designed scFvs is not straightforward, and this 
underlines the reasons that commercial production of scFvs and mAbs use phage 
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display and panning methods based on large libraries rather than designing them 
based on previous structures. 
The Nbs on the other hand had no problem with aggregation, because they had 
previously been selected for bacterial expression. The work here to optimise them for 
periplasmic expression and NCL was untested but much more straight forward given 
previous knowledge about periplasmic secretion and signal peptidase selectivity (K. H. 
Choo, Tong, and Ranganathan 2007). The limiting aspects for this work were protein 
yield and N-terminal Cys post-translational modifications. When these Nbs were 
previously expressed for structural and functional purposes, they were expressed in 
the cytoplasm, which typically produces large yields, that approach was not used here 
because the N-terminal Cys for NCL was designed to be revealed by signal peptidase 
cleavage. Other proteases could have been used to reveal an N-terminal Cys, such as 
Tobacco Etch Virus nuclear-inclusion-a endopeptidase (TEV), but a suitable cleavage 
site had not been introduced in these constructs.  
Periplasmic expression, was limited by the secretion machinery, presumably in part 
the SecYEG complex as well as the chaperones involved in delivery from the ribosome. 
This was probably why low temperature growth conditions as well as minimal culture 
medium helped increase the yield, because under these conditions cellular processes 
were likely to be much slower, including transcription and translation. This slowed the 
rate of protein production which likely suited the slow process of periplasmic export. 
Preliminary results in which the rhamnose tuneable LEMO21 expression strain were 
used, also hinted at this; adding rhamnose to indirectly inhibit RNA polymerase also 
increased Nb yield. It may have been possible to increase yield further by combining 
the periplasmic purification with the affinity chromatography directly from the medium, 
although the medium alone was sufficient as a source for this work. 
NCL to link the dual labelled peptide to the Nbs with N-terminal Cys residues was also 
successful, and required little optimisation. Purification of unmodified Nb was 
eventually optimised in the GFPNb case, which was labelled in excess of 90%. The 
problem of post-translational modifications was frustrating, because it was not 
discussed in the literature and so potential solutions were not readily available. We 
discussed this problem with Medimmune and John McCafferty’s group, who both 
express scFvs commercially. Neither group had any previous knowledge of the 
modifications observed here by MS, partly because they do not usually express 
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proteins with N-terminal Cys residues. This may be a unique problem, and the solution 
we came to in using the dimer may not be the optimal one. 
Future work is needed to look at reducing post-translational modifications of the 
mCherryNb or separating the labelled and unlabelled constructs. This was briefly 
investigated by both ion exchange chromatography and RP-HPLC, but the Nb had very 
close to netural pI values and so proved difficult to separate even at very low and very 
high pHs. This could be especially useful since the GFPNb proved effective for labelling 
and STORM imaging, and a second construct with a second STORM pair would be 
useful to attempt multicolour imaging.  
Nevertheless, GFPNbCy3Cy5 proved effective at binding GFP-Cnp1 in S. pombe cells 
and could be made to blink using a standard dSTORM oxygen scavenging buffer. This 
demonstrated the construct’s potential use a tool for SMLM, especially since many 
proteins are GFP tagged and could be imaged using this construct relatively simply 
compared to generating Nbs to specific proteins of interest, as previously reported 
(Pleiner et al. 2015). Characterisation of the multicolour and quantitative potential of 




4 Photophysical characterisation of a doubly labelled anti-GFP-Nb 
for STORM imaging 
4.1 Introduction 
Chapter 3 demonstrated that an anti-GFP-Nb (GFPNb) identified by Kubala et al 
(2010) could be successfully labelled with a linking peptide, covalently connected to 
either a Cy3 and Cy5 fluorophore pair or an Alexa488 and Cy5 fluorophore pair. The 
two dyes are close in space so we hypothesised that they would be able to act as an 
activator-emitter pair for STORM experiments as previously reported (Huang, Jones, 
et al. 2008; Bates et al. 2012; Bates, Blosser, and Zhuang 2005; Bates et al. 2007). 
However, this needed to be tested as part of a thorough characterisation of these 
reagents as linking peptides have not previous been used in STORM constructs. This 
characterisation needed to include testing of whether or not the 1:1:1 nature of the 
GFPNb-activator-emitter will prove to be a superior probe for dSTORM and STORM 
experiments. 
In this chapter, we determined whether the GFPNbCy3Cy5 STORM construct is 
suitable for STORM imaging by measuring the activation power dependence and 
crosstalk parameters, using conventional randomly labelled Abs as controls. We then 
characterised the photophysics of the construct to assess its suitability for quantitative 
imaging. 
4.1.1 STORM image acquisition 
STORM data was collected using a continuous read-out 641 nm laser (in the case of 
Cy5) constantly illuminates the sample and images are collected at a frequency of 20-
100 Hz. A single frame pulse of activator light is applied every 3-10 frames, which 
causes an increase in the number of localisations immediately afterwards. This is 
continued until all the fluorophores are bleached or sufficient localisations obtained. A 
scheme of the acquisition is shown in Figure 4.1A and the respective video collection 
is depicted in Figure 4.1B. 
As previously described in section 1.3.3, STORM uses activator dyes to increase the 
on rate of cyanine emitter dyes that already blink; Cy5, Alexa647, Cy5.5, Cy7 and 
Cy7.5. This means that emitters in a sample blink stochastically at a certain rate, but 
when an appropriate pulse of laser light is shone on the activator it brings more of the 




Figure 4.1 - Schemes for one-colour STORM imaging and data collection. A Scheme for collection with 
continuous read-out laser illumination B One cycle of frames collected using scheme A, with three observation 
frames in between activation pulses, and pulse frames filled with pattern to indicate 2 lasers on simultaneously. C 
Acquisition scheme used on Nikon N-STORM for data collection where read-out laser is turned off during activation 
laser pulses. D A cycle of frames collected during acquisition scheme B.    
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4.1.2 STORM data analysis 
4.1.2.1 SMLM algorithms from RapidSTORM and PeakFit  
STORM data analysis is usually done by specifically written software such as Insight3 
and that which is pre-installed on Nikon N-STORM instruments. But ImageJ plugin 
PeakFit (Herbert 2014) was adapted by its author Dr Alex Herbert (University of 
Sussex) to allow STORM analysis. It was first necessary to understand the algorithms 
involved in picking spots which are similar for all SM imaging. 
RapidSTORM and PeakFit work by identifying diffraction limited PSFs computing 
super-resolved co-ordinates from the videos. Details of SR algorithms can be found in 
the original publications (Herbert 2014; Wolter et al. 2010, 2012). Briefly, both 
algorithms first reduce noise with a smoothing mask of 5x5 pixels (at least 3x3 for 
PeakFit) and select candidate maxima using non-maximum suppression, which looks 
for pixels that are brighter than all those surrounding it. A Gaussian is then fitted to 
each candidate maximum using methods based on the Levenberg-Marquardt 
algorithm (Marquardt 1963). If after ~3 iterations fitting is unsuccessful the maximum 
is discarded. The Fitted Gaussians are then filtered by different criteria. RapidSTORM 
filters using a minimum size (3 or more pixels across) and an amplitude threshold - a 
number of counts per 5x5 pixel square (Wolter et al. 2010). PeakFit does this slightly 
differently and filters based upon signal-to-noise ratio (SNR; calculated by measuring 
the area under the fitted Gaussian and subtracting the calculated noise per frame), 
precision, Gaussian width, minimum number of photons and coordinate shift. The two 
most important threshold values for the work here were the amplitude threshold for 
RapidSTORM and the SNR for PeakFit. These threshold values must be carefully 
chosen, because low thresholds pick up background and noise, which negatively 
skews data, and high thresholds reduce detection efficiency of real localisations. The 
optimal threshold varies between microscope setups, different laser powers, imaging 
modes, dyes and between different days (for example subtly different laser alignments) 
so it was important to always asses these parameters carefully. 
The list of X and Y co-ordinates generated by SR software can be used to reconstruct 
a dSTORM or PALM image. STORM analysis, however, only uses the localisations 
that appear immediately after an activation laser pulse, localisations in other frames 
are deemed non-specific, as shown in Figure 4.1B and D. This is because emitter 
dyes like Cy5 blink stochastically throughout the acquisition video, with a roughly 
constant number of localisations per frame and the activation pulse increases its on-
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rate, so that a greater number of localisations are seen immediately after pulse 
activation.  For single colour STORM images (containing a single activator-emitter pair 
e.g. Cy3Cy5) the localisations deemed specific can be plotted in an SR image.  
4.1.2.2 Crosstalk analysis for multicolour STORM imaging 
For multicolour STORM, analysis is more complex because the same emitters must 
be assigned a channel based on timing of the respective activation pulse. Dual-colour 
acquisition uses two differently coloured activation pulses cycled alternately, as shown 
in Figure 4.2. 
 
Figure 4.2 – Scheme for dual colour STORM imaging and data collection for a mixed sample containing 
Alexa405Cy5 and Cy3Cy5. A Scheme for dual activation data collection with continuous read-out laser illumination 
B One cycle of frames collected using scheme A, with three observation frames in between activation pulses of 
different colours, an indication of the number of localisations per frame is provided underneath. 
Consider imaging the activator-emitter pairs Alexa405Cy5 and Cy3Cy5, activated 
specifically by 405 nm and 561 nm lasers, respectively. Specific activation of Cy3Cy5 
by 561 nm is relative to stochastic blinking and non-specific activation caused by a 405 
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nm pulse, and vice versa. Also, 405 nm and 488 nm lasers used to excite the Alexa405 
and/ and Alexa488 activators cause direct excitation of Cy5 excitation (Heilemann et 
al. 2005, 2008). These factors mean that the probability of specific activation is never 
100%. In previous STORM work, specificity was measured to be >80% in most cases 
(Bates et al, 2008, 2012). Assignment of localisations to the correct channels was done 
using an algorithm that considers: the laser pulse identity, the number of nearby 
localisations observed in each channel (usually ~35 nm radius, (r)) and a measured 
channel crosstalk parameter. This algorithm uses the apparent density of two species 
(1 and 2), and reasons that each is equal to the true density plus a few incorrectly 
assigned molecules, which is a function of the incorrect molecules’ density, and 
characterised by the crosstalk of that channel, as stated below.     
𝐷1(𝑟) = 𝑑1(𝑟) + 𝐶21𝑑2(𝑟) 
Equation 4.1, (Bates et al. 2007, 2012) 
𝐷2(𝑟) = 𝑑2(𝑟) + 𝐶12𝑑1(𝑟) 
Equation 4.2, (Bates et al. 2007, 2012) 
D1 and D2 are apparent densities of STORM pairs 1 and 2, respectively, d1 and d2 are 
the corresponding true densities of each species and C12 and C21 are the related 
crosstalk values. As reasoned by Bates et al (2007, 2012), the probability that a 
localisation is correctly assigned to channel 1 (Pcorrect, ch1) is therefore related to the 





Equation 4.3, (Bates et al. 2012) 
Substituting Equation 4.3 with Equation 4.1 and Equation 4.2, produces an 
expression in terms of only the crosstalk values and the measured apparent densities 
of species 1 and 2, each of which can be measured, so Pcorrect,Ch1 can be solved.  
𝑃𝑐𝑜𝑟𝑟𝑒𝑐𝑡, 𝑐ℎ1 = (
1
1 − 𝐶12𝐶21




Equation 4.4, (Bates et al. 2012) 
Thus, the dots are assigned probabilistically; on the likelihood that they contain a 
specific activator and how specifically that activator-emitter pair is activated by each 
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laser. It is therefore essential to measure the crosstalk values of each STORM pair. 






In a sample containing only one STORM pair, for example pair 1, d2 is equal to zero 
and so Equation 4.5 becomes Equation 4.6. 
𝐶12 = 𝐷2/𝑑1 
Equation 4.6 
C12 can be calculated using the number of new localisations activated by the channel 
1 laser (d1) and the number of new localisations activated by channel 2 (D2), which is 
not specific to pair 1. The equivalent can be done for pair 2 using Equation 4.1. This 
crosstalk parameter is also a good measure of how specifically a STORM pair is 
activated by its respective laser – the more specific pair 1 is, the lower the D2 value 
becomes so C12 is small, although it is unlikely to reach zero because spontaneous 
Cy5 blinking is always likely to occur and will be attributed to the non-specific laser at 
the same rate as background. 
In published work, software developed in the Zhuang group – Insight3, has been used 
for STORM analysis, but this is not openly available, hence the adaptation of PeakFit. 
For some work RapidSTORM was used for analysis that did not require channel 
assignment, because we have more experience in using it, and crosstalk calculations 




4.2.1 SM surface development 
To obtain SM data that could be analysed for quantitative photophysics, SM surfaces 
are used. They are glass slides coated in various layers to allow attachment of 
fluorophores to the surface, so that fluorophores are spatially separated and can be 
imaged with total internal reflection (TIRF), which has lower background fluorescence 
from above the focal plane than highly inclined and laminated optical sheet illumination 
(HILO, sometimes referred to as near-TIRF), which is used for imaging cell sections 
more than ~200nm above the coverslip. It was important to optimise the SM surfaces 
for data collection, to minimise noise and obtain good fluorophore density. 
Originally, STORM probes were characterised using DNA oligos affixed to the 
coverslip using biotin, as shown in Figure 4.3A (Heilemann et al. 2005; Bates, Blosser, 
and Zhuang 2005). However, since our protein construct could not be attached in this 
way, we investigated several other approaches. An alternative approach was to use 
dried poly-L-lysine, to stick the protein constructs directly to, or so stick the GFP or 
equivalent epitope to the poly-L-lysine surface and coat it with BSA as shown in Figure 
4.3B and C. Both SM surface designs were tested with GFPNbCy3Cy5, 
GFPNbCy3Cy5 and randomly labelled fluorescent Abs.  
The STORM constructs stuck to the surface in both designs, but the BSA and epitope 
coated surface allowed better control of the fluorophore density on the surface. This 
was because poly-L-lysine is heavily cationic and proteins stick well to it, in a way that 
was hard to control, whereas, use of BSA limited the extent of STORM constructs 
sticking to the surface so more reliable fluorophore densities were obtained. 
Additionally, the BSA method prevented the fluorophores interacting directly with the 
poly-L-lysine, which may have affected their photophysics through charge interactions 
which are important for fluorescence in cyanines. This type of surface was always used 
subsequently. 
Surface labelling density is always important in SM characterisation experiments 
because all experiments have background localisations that skew data and require 
fluorophores to be sufficiently spread out to ensure the PSFs do not overlap (i.e. are 
not within the diffraction limited area). The method of using BSA and a suitable epitope 




Figure 4.3 - Different schemes for SM surfaces for TIRF imaging. A Biotinylated DNA labelled with fluorophores 
and streptavidin. B A GFP surface for use with GFPNbCy3Cy5. C An Ab surface to attach fluorescently labelled 




4.2.2 Validation SM analysis thresholds for RapidSTORM and PeakFit Setting 
For all SR imaging, it is critical to set a reliable threshold for picking fluorescent spots 
from raw videos, to do this it is important to understand how the spot picking algorithms 
work, which is described in section 4.1.2.1. There are many ways to optimise a 
threshold to raw data, for example using the raw integrated density of dots compared 
to background as a starting point and then to tune the exact value by counting the 
number of localisations in a small set of data and comparing that to the output by fitting 
programs such as RapidSTORM or PeakFit. 
Here a suitable RapidSTORM amplitude threshold was initially estimated by measuring 
the difference between integrated density between a small region of interest (ROI) that 
contained a spot and one that did not, in a GFPNbCy3Cy5 sample because each dot 
should only represent one Cy5 fluorophore. Several of these were measured and 
showed a difference of ~100 to 300 photons. SM raw maximum intensity traces and 
fitted intensity traces localised with an amplitude threshold of 25,000 counts were 
plotted against frame number (an example is shown in Figure 4.4A and B). All maxima 
for this spot with a maximum pixel intensity of more than ~4000 counts (35 photons) 
have been localised by RapidSTORM with a global amplitude threshold of 25,000. This 
indicates that 25,000 is a good threshold for these data. That threshold was then 
applied to all the GFPNbCy3Cy5 and AbCy3Cy5 data, to allow fair comparison. Figure 
4.4B also gives an indication as to the mean fitted intensity due to a single Cy5 
molecule, which appears to be approximately 60,000-80,000 counts (~500-750 
photons) – the approximate average height of the peaks. This is important in 
characterising physical properties as will be discussed later. 





Figure 4.4 – Validation of RapidSTORM global amplitude threshold. A Raw maximum intensity in the raw video 
file shows where potential localisations are. B Fitted intensity from RapidSTORM using a global threshold of 25,000. 
C Histogram of fitted intensities for each localisation. The bin width was calculated to be close to optimal for the 
data (Izenman 1991). 
Since the crosstalk algorithm and dual colour STORM imaging are PeakFit plugins, it 
was also necessary to set a threshold in PeakFit that as closely as possible produced 
132 
 
the same localisation lists to RapidSTORM at the threshold we set – 25,000. PeakFit 
uses different filtering parameters to RapidSTORM, the most important of which is the 
signal-to-noise ratio (SNR). To calibrate this to the global RapidSTORM amplitude 
threshold of 25,000 the PeakFit parameter was varied for several videos and the output 
number of localisations was initially compared. A SNR value of 30 had the closest 
number of localisations to RapidSTORM, within 2% on average between different 
videos. An example region of interest (ROI) was fitted using these threshold 
parameters for RapidSTORM and PeakFit for comparison, and are shown in Figure 
4.5. The two images showed a high close resemblance, with all the brightest areas, 
representing many localisations, in common between the two, although some dimmer 
localisations in the RapidSTORM image are apparently not present in the PeakFit one. 
We also quantified the number of false positives – the number of localisations detected 
on a SM surface that should not contain any fluorophores, in this case poly-L-lysine, 
BSA and epitope such as PA-GFP or primary Ab. Ideally, there would be no false 
positives above noise, but this is rarely the case in practice. Figure 4.6A shows how 
many localisations were found in one field of view on a blank slide containing the PA-
GFP at different SNR thresholds. The threshold identified previously was SNR = 30, at 
this value there were 38 localisations from 13 ‘fluorophores’. This compared to 38919 
localisations for a slide containing GFPNbCy3Cy5, indicating approximately 1000-fold 
more localisations in the experimental sample. Two representative fields of view in 
Figure 4.6B and C for the blank slide and this experimental sample also demonstrate 
how the density of molecules is far greater in the experimental sample. This is strong 
evidence that whilst there are some false positives as a result of the surface itself, the 
vast majority of detected localisations are due to the fluorescent constructs, so the 
false positives should have negligible effect on the overall statistics of the experimental 




Figure 4.5 – Validation of PeakFit SNR threshold. Two SR ROIs from images where the same raw dataset was 
fitted using A RapidSTORM and B PeakFit. Both images were plotted with 10 nm pixel width so that they are 
comparable, the scalebar represents 1 μm. 
 
Figure 4.6 – Localisations produced on blank surfaces. A Plot of the number of molecules fitted to a dataset 
from a blank SM surface using PeakFit, with different thresholds. B and C representative 5 μm x 5 μm areas of SR 
images of B a blank control slide and C a slide with the GFPNbCy3Cy5 fluorophores added at suitable imaging 
density. The scalebar indicated is 1 μm and the colour scheme for intensity is shown beneath the images 
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4.2.3 GFPNbCy3Cy5 is a functional STORM construct 
Having demonstrated blinking of Cy5 in GLOX oxygen scavenging system, it was 
necessary to verify whether the Cy5 blinking rate was dependent upon the activator 
dye in our constructs since this is essential in STORM imaging. Previously, this has 
been done by measuring the kon due to the activation laser (Bates, Blosser, and Zhuang 
2005). In these experiments samples were illuminated with 641 nm laser light to turn 
Cy5 to the dark state, and then the activator laser was switched on for an unspecified 
time (probably tens of frames). This caused the Cy5 fluorophores to return to the 
fluorescent state, and to reach a new equilibrium between the dark state and the 
fluorescent state, driven by the opposing 641 nm laser and the activator laser. kon was 
calculated from the number of Cy5 molecules fluorescing at equilibrium. We attempted 
to replicate this method, but were unable to reach an equilibrium state unless the SM 
surface was completely covered with fluorophores, which we judged as incomparable 
to imaging spatially separated fluorophores. Furthermore, this method would have to 
be done on separate fields of view for separate activation lasers due to likely bleaching 
of the activator dye under constant illumination. We chose to use a novel method to 
observe Cy5 activation by the correct laser, which used single activator pulses and 29 
subsequent observation frames (see Figure 4.7A), because it allowed us to use 
conventional SM surfaces with spread out fluorophores to collect data for quantitative 
characterisation; and use multiple activation lasers in the same video to assess specific 
activation, non-specific activation and crosstalk.  
Theoretically, the number of fluorophores activated by a pulse is proportional to the 
activation laser power. Therefore, it was decided to use the increase in number of 
localisations after a pulse as an indicator of Cy5 activation by the activator laser. We 
related the number of fluorophores visible after activation (Nmax) to the number on 
before that pulse (Neq) using Equation 4.7, a value we called the ‘fractional increase’ 
(FI). 






When FI is approximately 1, Nmax is not larger than Neq so there is no activation by that 
laser. For a specific laser at a suitable power to cause activation, Nmax was expected 
135 
 
to be several times larger than Neq thus FI would be larger than 1, perhaps up to 10 for 
an obvious activation. 
Alternative formulae representing degree of activation could have been used and 
include other control variables such as density of fluorophores, and could relate to 
fraction of molecules activated, for example, Equation 4.8. 





where Ntot is the total number of fluorophores in the field of view. Whilst this sort of 
value may be more meaningful, Ntot has complications associated with it such as 
activator and emitter bleaching which change the number of decrease the number of 
fluorescent Cy5 molecules throughout a video. Future work could consider these 
variables, but FI was sufficient for demonstrating STORM pair activation specificity 
here. 
SM surfaces were prepared and imaged using constant read-out laser illumination and 
activation pulses every 30 frames, as illustrated in Figure 4.7A. Analysis was then 
carried out by fitting PSFs to dots in the video with RapidSTORM and taking the 
modulus of the frame number. Plotting number of localisations by the modulus of the 
frame number allows overlaying of multiple activations cycles, relative to the pulse 
activation frame. The total number of localisations in any frame relative to the activation 
pulse, can then be counted, as shown in Figure 4.7B. An example set of results with 
important measurement points is shown in Figure 4.7B, where the fractional increase 
due to 561 nm, 488 nm and 405 nm were found to be 6.2, 2.5 and 1 respectively. This 
method allows direct comparison of the activation caused by specific and non-specific 





Figure 4.7 – “Fractional increase”. A Laser scheme for data collection. B Histogram of all localisations in a 
resulting video of AbCy3Cy5 with a pulse cycles of 90 frames. The modulus (90) of the frame number was taken 
and the localisations binned by which frame they appeared in. The horizontal axis is aligned with A to show when 
each pulse occurred. The positions of Nmax and Neq 
Four constructs were used to measure the power dependence of this fractional 
increase: two secondary Abs labelled with Alexa405Cy5 and Cy3Cy5 (average 
number, 0.88 Cy5 per Ab on average), GFPNbCy3Cy5 and GFPNbAlexa488Cy5, 
described in Chapter 3. The Abs were labelled using NHS esters of Cy5 and the 
respective activator dyes via solvent facing lysine resides as described in section 6.6.5 
and previous STORM work (Ricci et al. 2015; Lakadamyali et al. 2012). They were 
used as positive controls because they should be fully functional STORM pairs. It was 
expected that the fractional increase of Cy5 localisations would increase with 
respective activation laser power in all three cases if the STORM pairs are functional. 
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The Cy3Cy5 constructs should only show this pattern for the 561 nm laser, the 
AbAlexa405Cy5 construct should only show that pattern for the 405 nm laser and the 
Alexa488Cy5 construct should only respond to the 488 nm laser. Non-specific lasers 
were expected to have little to no effect on fractional increase. 
The fractional increase power dependence for AbAlexa405Cy5 in response to 405 nm 
and 561 nm lasers is shown in Figure 4.8. It shows that at low power (~0.1-0.8 W/cm2) 
405 and 561 nm pulses there is very little fractional increase – there are not many more 
localisations than with just Cy5 illumination, however, in the range ~0.8-4 W/cm2 there 
is considerable fractional increase for 405 nm activation, but no increase with the 561 
nm pulses. The variation between repeats is also very low. This is good evidence that 
the Ab405Cy5 pair is activated by 405 nm, but not 561 nm light – so the STORM pair 
is functional and specific. This also indicates that the fractional increase is a valid 
measure of responsiveness to activation. 
 
Figure 4.8 – Fractional increase power dependence for Ab405Cy5 positive control. 
Fractional increase power dependences were also carried out for the AbCy3Cy5 and 
GFPNbCy3Cy5 constructs using three activator lasers instead of two; 405 nm, 488 nm 
and 561 nm, all of which have been used for STORM pairs as discussed in section 
1.4.2.4. Different ranges of activator laser powers were used based on preliminary 
data, which suggested 488 nm light increased FI in the range 1-5 W/cm2, whereas, 
405 nm light only increased FI at higher powers, much higher than we intended to use. 
Therefore, the 488 nm laser was used in a power rage across spread equally across 
1-5 W/cm2 range and the 405 nm laser was used over a power lower range ~<1.5 
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W/cm2, where we expected to image plus one excessively high power measurement. 
The results are shown in Figure 4.9.  
In both cases the fractional increase due to 561 nm pulses was clear, with an up to 8-
fold increase in the number of localisations per frame in both cases. Both constructs 
displayed an initial rising fractional increase with 561 nm laser power, but this appeared 
to plateau above ~0.8 W/cm2. In the AbCy3Cy5 case the standard deviation increased 
with power. Both Cy3Cy5 constructs showed little change in fractional increase below 
2 W/cm2 405 nm activation laser power, which indicated that the 405 nm light has no 
effect of the Cy3Cy5 pair in this power range, although there was an increase at ~7.5 
W/cm2 for the GFPNbCy3Cy5 construct (Figure 4.9C), indicating that at higher 405 nm 
laser power it did have an effect on this construct. Future experiments must use less 
than 7.5 W/cm2 to avoid crosstalk. 
The 488 nm and 405 nm lasers caused significant activation above ~1 and ~7 W/cm2 
respectively. This was likely due to overlap of the broad Cy3 and Cy5 absorption 
spectra with these wavelengths, which causes a limited amount of absorption, for 
example, Cy3 absorbs approximately 9% of 488 nm light, hence it was expected that 
488 nm light could cause STORM pair activation some of the time, as seen previously 
(Bates, Blosser, and Zhuang 2005; Bates et al. 2007). Furthermore, Cy5 in some of its 
dark states is known to absorb 405 and 488 nm light, which can also return it to the on 
state (see Section 1.3.2; Heilemann et al. 2005, 2008). For these reasons it is 
important to use as low as possible power 405 and 488 nm lasers in multicolour 
STORM experiments to avoid crosstalk. In our case it appears using powers ~ 1 




Figure 4.9 – Fractional increase power dependence plots for GFPNbAcy3Cy5 and AbCy3Cy5. A and B the 
power range used with the specific 561 nm and 405 nm lasers. C shows the whole power range for the non-specific 
activator lasers 488 nm and 405 nm and both constructs. GFPNbCy3Cy5 points are shown with filled circles and 
AbCy3Cy5 by filled triangles. All error bars are sample standard deviation from 3 repeats. The 488 nm laser caused 
significant fractional increase in the range 1.3-7 W/cm2. This suggested that this laser activates the Cy3Cy5 STORM 
pair more than 405 nm light and that the 488 laser is best not combined with the Cy3Cy5 pair, so it was not used in 
further analysis. 
Finally, GFPNbAlexa488Cy5 was characterised with 488 nm laser pulses only, as 
shown in Figure 4.10. No fractional increase was evident at any 488 nm laser power 
in the range 0.1-4 W/cm2, producing a flat line. This indicates that the Alexa488Cy5 




Figure 4.10 – Fractional increase power dependence for GFPNbAlexa488Cy5. 
These power dependence experiments strongly indicated that three of the four STORM 
constructs investigated here were responsive to their respective activation lasers, and 
appeared to be activation laser specific. This was good evidence those three are 
functional STORM pairs. GFPNbAlexa488Cy5 did not show any power dependence to 
488 nm laser activation, so that pair was judged as not functional. It was not 
characterised further.   
4.2.4 Constructs are specifically activated with low crosstalk 
It was important to further investigate the specificity of activation of these three 
constructs, to verify the indications of the fractional increase experiments. As described 
in section 4.1.2.2 and 4.2.3 STORM pair specificity can be measured by kon or by 
measuring the crosstalk component as if carrying out a dual colour experiment control. 
To measure the crosstalk in the same way as previous groups, a PeakFit plugin for 
ImageJ was written by Dr Alex Herbert (University of Sussex), which used the same 
algorithm as described by Bates et al (2007, 2012).  
The data collected for the previous fractional increase experiments was used as an 
input for this calculation. The crosstalk algorithm found all tracks that start in the pulse 
activation frames for each activation laser, in this case 405 and 561 nm, and calculated 
C12 or C21 from the measured D1 and d2 or D2 and d1, using Equation 4.6. For 
simplicity, channel 1 was assigned to 561 nm, channel 2 to 405 nm.  
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It was expected that a specific STORM pair, for example AbAlexa405Cy5, would have 
a low C21 value indicating low numbers of localisations caused by the 561 nm laser 
pulse. The data was collected in a power series, increasing both lasers by 
approximately the same amount for each experiment. This may decrease the crosstalk 
(increase the specificity) at lower powers, but the non-specific laser would be expected 
to cause an increase in C21 at excessively high powers. Whilst data was collected for 
the 488 nm laser as well, that data was disregarded from this analysis for simplicity. 
The results for AbAlexa40Cy5, AbCy3Cy5 and GFPNbCy3Cy5 STORM constructs are 
shown in Figure 4.11. 
AbAlexa405Cy5, shows very high crosstalk at low activation laser powers, but after 
~0.4 W/cm2 it decreases as the activator laser power increases. This suggests that the 
561 nm laser has little effect on this STORM pair, and that the 405 nm laser only 
activates specifically above ~0.4 W/cm2, and is more specific at higher powers. This 
data shows that at the highest measured power, ~90% of activations of this construct 
are caused by the 405 nm laser. 
The Cy3Cy5 constructs were more specifically activated by 561 nm laser light, as the 
lowest crosstalk values measured are <0.05, so more than 95% of activations of this 
pair were caused by the 561 nm laser and less than 5% by the 405 nm laser. The 
power dependence, however, showed a slight increase in the crosstalk at activator 
powers >1.5 W/cm2, which was probably due to the 405 nm laser starting to have an 
effect in this range as reported in dSTORM experiments at <1 W/cm2 (Lampe et al. 
2012). In all cases the GFPNbCy3Cy5 had slightly higher crosstalk than the AbCy3Cy5, 
indicating it was a slightly less good construct for multicolour STORM. This maybe 






Figure 4.11 – Crosstalk for Cy3Cy5 STORM pair from non-specific laser is generally lower at higher activator 
laser powers for single STORM pair samples. Crosstalk measured on single STORM pair samples for A 
AbAlexa405Cy5, where the 405 nm laser should be specific, the 561 nm laser should be non-specific and B 
GFPNbCy3Cy5 and AbCy3Cy5 which should be specifically activated by the 561 nm laser, but not the 405 nm 
laser. Illumination scheme is the same as that used in Figure 4.7A. 
The crosstalk was also visualised in two colours from these experiments, as shown in 
Figure 4.12. This demonstrated that in a sample of GFPNbCy3Cy5, [crosstalk (C12) = 
0.01939] 116 fluorophores are initially resolved, of these 85 are assigned to the correct 
561 nm channel and 6 are assigned incorrectly to the 405 nm channel. Although this 
approximate calculation does not consider all localisations, the effect of crosstalk is 
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evident. Therefore, even constructs like these with low crosstalk values cannot 
completely remove false localisations. This will affect both multicolour imaging and 
quantitative imaging.  
 
Figure 4.12 – STORM image reconstruction of a sample containing GFPNbCy3Cy5. A All SR localisations 
found using PeakFit. B SR localisations assigned to the 561 nm activation laser (channel 1) and the 405 nm laser 
(channel 2), using the calculated crosstalk values (C12 = 0.01939 and C12 = 0), and falsely coloured. C Channel 1 
assignments only. D Channel 2 assignments only. All plots have a scalebar of 2 μm, and are plotted at a resolution 




4.2.5 Single GFPNbCy3Cy5 particles are mostly homogeneous 
It is important to understand how individual particles behave and how they relate to 
average measurements, it was particularly important to determine whether the 
GFPNbCy3Cy5 when imaged is observed as single homogeneous Cy5 fluorophores. 
This is important for counting experiments because the more homogeneous detection 
is, the better calibrations can be done, which can result in greater accuracy and 
precision. The data collected previously was analysed by studying single particles and 
measuring the number of photons detected for each localisation. The results for four 
single particles are shown in Figure 4.13, the same measurement of 300 particles is 
shown in Figure 4.16A. The methodology is described in detail in section 6.7, briefly, 
for histograms, single particles were isolated and all maxima localised with 
RapidSTORM, localisations were traced through time and grouped into blinks. The first 
and last localisation of each blink was removed and the intensity of each localisation 
was converted to photons and binned for plotting. For intensity traces, the isolated 
particle had the maximum intensity for each frame plotted against frame number.   
The four representative particles in Figure 4.13 all have intensity histograms with a 
main peak and a negative skew. The most common intensity observed is ~600-700 
photons, except, particle B has a modal intensity of 400-500 photons, hence it is 
labelled as ‘dim’. This single distribution for all four particles can also be seen in the 
raw maximum intensity traces, which show peaks of similar height for particles A, C 
and D, averaging about 7000-9000 counts. These data indicate a homogenous 
intensity produced by the GFPNbCy3Cy5 construct. Some particles, like Figure 4.13C 
are dimmer than others, which may be due to the environment of that fluorophore being 
different somehow.  
The negative skew in all four particles’ histograms and lower raw maximum intensity 
peaks indicated that a small number localisations in each trace were relatively dim. It 
was unlikely that the negative skew was caused by a single Cy5 fluorophore per 
particle because the maximum intensity traces showed no evidence of stepwise 
photoactivation or deactivation, as we would expect when two or more fluorophores 
were present. In some isolated particles, stepwise photoactivation or deactivation was 
found, as shown in Figure 4.14A and B but these were in the small minority and were 
not as convincing as those readily found in the multiply labelled AbCy3Cy5 sample, an 
example is shown in Figure 4.14C. Since the negative skew was unlikely to be caused 
by a separate number of fluorophore per particle, it was probably the result 
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photophysical artefacts that could be produced in several ways such as fluorophores 
flickering on and off or entering the dark triplet state on a timescale faster that detected 
here. 
If one Cy5 produced ~400-700 photons per frame, these data suggest that the vast 
majority of particles only had one Cy5 because there are very few instances of 800-
1400 photons per frame, although A had some localisations that were in this intensity 
range. This meant that two Cy5 molecules were detected simultaneously in a small 
minority of cases, and that there probably would be some cases where photoactivation 
and de-activation were evident. Some examples of both GFPNbCy3Cy5 and 
AbCy3Cy5 particles are shown in Figure 4.14. The insets of raw maximum intensity 
traces show that the peaks could correspond to one and two fluorophores per particle, 
but they are very short-lived ~ 5-10 frames (200-400 ms) compared to the AbCy3Cy5 
case in Figure 4.14C which has a much more obvious photobleaching trace with at 
least 3 ‘steps’ evident each lasting at least 2s. This stepwise photoactivation and de-
activation evidence shows that some cases of two Cy5 fluorophores per particle exist 
in the GFPNbCy3Cy5 case, but vary rarely were they observed, whereas, in the 
AbCy3Cy5 case they were common and exaggerated.  
It was also possible to use the intensity histograms for 300 GFPNbCy3Cy5 particles 
combined to quantitatively estimate the degree of labelling particles with more than 
one Cy5. There were 74 localisations with fitted intensity of 800 photons or more in this 
dataset, out of 5264 localisations in total, 1.4%. This indicated the extent of double 
labelling or dimerisation of GFPNbCy3Cy5 is probably ~ 1.4%. So the overwhelming 




Figure 4.13 – Detected intensity varies between single GFPNbCy3Cy5 particles. Intensity histograms and 
raw maximum intensity traces of four single GFPNbCy3Cy5 particles A-D. All histograms are plotted with the same 
X-axis scale and all traces are plotted with the same X and Y axes’ scales to allow comparison. The number of 




Figure 4.14 – Stepwise photobleaching and activation for single particles. Maximum intensity per frame over 
time for single particles of A and B GFPNbCy3Cy5 and C AbCy3Cy5 particle, with inset zoomed areas on the 
instances of stepwise photobleaching or activation. Suggestions of numbers of Cy5 fluorophores per particle are 




4.2.6 Single AbCy3Cy5 particles show heterogeneity 
The same analysis of single particles was carried out for AbCy3Cy5, which was thought 
to be labelled randomly with a Poisson distribution. Multiple Cy5 fluorophores per 
particle should have been visible in some cases and Figure 4.15 shows the results. 
Detected photons histograms for four particles in Figure 4.15A and B showed 
distributions from 200-4500 photons per localisation, much broader than those evident 
for any GFPNBCy3Cy5 localisations, they also showed multiple peaks.  
Particles B and D mad a modal number of detected photons of 300-500, whereas, and 
A and C had a modal value in the range 800-1200. As previously discussed this could 
have been the result of multiple fluorophores per AbCy3Cy5 particle, and the 
GFPNbCy3Cy5 data suggested one Cy5 fluorophore could have ~600-700 photons 
detected per localisation although there were dimmer fluorophores present as well. 
These data and the presence of lower peaks in Figure 4.15A and C indicate that 800-
1200 photons per localisation is probably the result of two Cy5 fluorophores emitting 
simultaneously. This was strongly supported by the stepwise photobleaching trace 
observed in Figure 4.14C which clearly show multiple fluorophores are present. This 
was the same particle as Figure 4.15C, which helps explain the large modal number 
of photons per localisation.  
Therefore, the number of photons detected per single Cy5 fluorophore for the 
AbCy3Cy5 construct was ~300-500, in broad agreement with the GFPNbCy3Cy5 data 
(600-700). The difference may have been due to the physical differences of the 
constructs affecting photophysics. It was also evident from the AbCy3Cy5 
photobleaching trace and the multiple peaks in the intensity histograms above 1000 
photons that multiple Cy5 fluorophores were observed per particle, indeed particles A, 
C and D all showed good evidence of at least three Cy5 fluorophores, whereas trace 
B had too few localisations at high intensity to be obvious. Particle C may have 
contained up to ten Cy5 fluorophores. 
These data clearly indicated multiple labelling of each Ab particle with Cy5. This was 
expected with random lysine labelling, and the average number of Cy5 fluorophores 
per Ab was measured as 0.88 on average, which theoretically meant 36.5% of particles 
were singly labelled, 16.1% with two Cy5, 4.7% with three and so on. It was possible 
to estimate these using intensities of 300 particles. Based on the a single Cy5 emitting 
300-600 photons per frame, approximately 4% of localisations contained one Cy5 
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(4593 out of 115494), thus 96% have more than one. This was not very close to the 
predicted 36.5%, which may be due to systematic error in the measurement of the 
average number of Cy5 fluorophores from the protein and dye absorption spectra or 
that a Poissonian distribution did not describe the labelling in this instance. 
Nevertheless, this qualitative value of 4% demonstrated that most Ab particles were 
multiply labelled with Cy5. Indeed, the calculation may have underestimated the 
degree of multiple labelling because it only considered localisations which contain two 
simultaneously emitting Cy5 fluorophores, and it may have been that two Cy5 on the 
same particle do not emit simultaneously. This degree of multiple labelling, makes 
quantification with this construct very difficult in comparison to the GFPNBCy3Cy5, 




Figure 4.15 – Detected intensity varies between single AbCy3Cy5 particles. Four single particles A-D have 
intensity histograms of photons detected and maximum intensity per frame traces. The number of localisations 
from each trace (n) is shown. 
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4.2.7 Photophysical comparison of GFPNbCy3Cy5 and AbCy3Cy5 for 
quantitative SMLM 
The GFPNbCy3Cy5 was designed to be one-to-one labelled with GFPNb-activator and 
emitter dyes. It was hoped that quantitation should be more accurate and precise with 
specific labelling ratios compared to the average labelling of Abs. To quantify whether 
this construct was measurably better for quantitation than a randomly labelled Ab, two 
constructs with the same activator and emitter dyes (Cy3 and Cy5) were compared 
directly using the data previously acquired. 
Several photophysical parameters were measured for both constructs: the number of 
photons emitted per localisation, the total on-time, total number of photons emitted per 
particle, the number of blinks per particle and the number of localisations per particle. 
All parameters were expected to show a difference between the two constructs, 
because some AbCy3Cy5 particles appear to have more than one Cy5 fluorophore per 
particle. The results are shown in Figure 4.16. All Cy5 activation events were 
considered, not only those after an activator pulse. 
The number of photons detected for each localisation is one measure of use in 
quantification. Since AbCy3Cy5 can contain multiple Cy5 fluorophores per particle, in 
some cases two Cy5 will be on during the same frame and detected as the same 
particle because they are very close, which should result in a greater number of 
photons detected for that particle, in that frame. In the GFPNbCy3Cy5 case, there 
should only be one Cy5 per particle, so the number of detected photons should be a 
tight Gaussian with the average number of photons for one Cy5. Figure 4.16A shows 
the number of photons detected per localisation for both constructs. The 
GFPNbCy3Cy5 shows on average a lower number of photons detected and a much 
tighter distribution than the AbCy3Cy5 construct, indicating that AbCy3Cy5 has a 





Figure 4.16 – Quantitative comparison of GFPNbCy3Cy5 and AbCy3Cy5. A Histograms of photons detected 
per localisation excluding localisations that are the first or last of a blink. The coloured lines represent log-normal 
curves fit to the data, GFPNbCy3Cy5 was fit to a single, whereas, AbCy3Cy5 was fit to two log-normal functions 
(red and green), the overall function was plotted in blue. B Total on-time compared to total detected photons per 
each particle. C Histograms of number of blinks per particle as used in previous publications for counting (Hummer, 
Fricke, and Heilemann 2016; Karathanasis et al. 2017; Krüger et al. 2017). D Histograms of Number of localisations 
per particle, similar to the counting method used in the Lakadamyali group (Ricci et al. 2015; Zanacchi et al. 2017). 
All 4 charts were compiled using the same two datasets filtered for tracks that are longer than one frame, and all 
histograms were plotted with bin width close to optimal as stated by (Izenman 1991). 
 
For counting experiments, it is useful to have consistent fluorophores that behave in a 
predictable manner. One way to measure how consistent GFPNbCy3Cy5 was 
compared to AbCy3Cy5 was to compare the total number of photons and total on-time 
for single particles. It was expected that GFPNbCy3Cy5 would have a more consistent 
total number of photons and total on-time because only one Cy5 could ever be 
detected and the photon budget for Cy5 is constant under the same conditions. 
AbCy3Cy5 however, appeared to have multiple Cy5 fluorophores detected in the same 
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frame. Two Cy5 fluorophores in one particle would not have twice the total on-time 
because they are both imaged at the same time and their on-times seem as though 
they overlap. AbCy3Cy5 was, therefore, expected to have a larger number of total 
detected photons compared to the total on-time. The total number of detected photons 
was compared to the total on-time for the same particles. Figure 4.16B shows the total 
detected photons plotted against the total on-time for each localisation and for both 
constructs. GFPNbCy3Cy5 shows very linear relationship that is neatly bounded by 
~200 frames and ~100 photons per particle. This indicates a very consistent nature to 
this construct – it emits a consistent number of photons and bleaches after a consistent 
number of frames, making it potentially a good tool for counting experiments. 
AbCy3Cy5 on the other hand shows a less linear relationship with many points above 
the GFPNbCy3Cy5 line. This suggests considerable heterogeneity compared to 
GFPNbCy3Cy5. Also, the linear part of the AbCy3Cy5 data has a slightly higher 
gradient (550 photons per frame) than GFPNbCy3Cy5 (400 photons per frame) as 
calculated from lines of best-fit, which may be a result of multiple Cy5 molecules per 
particle producing an average higher number of detected photons per frame. This is 
further evidence to suggest that the AbCy3Cy5 construct has multiple Cy5 
fluorophores detected in the same frame in a significant proportion of frames. 
One of the reported problems for counting with dSTORM and STORM is how much 
the preferred dyes Alexa647 and Cy5 blink. This is partly because the number of blinks 
per fluorophore is a skewed distribution. A consistent number of blinks would be easily 
measurable and could then be used to divide total number of blinks observed to obtain 
a number of fluorophores, as has been done previously (Lando et al. 2012). However, 
a skewed distribution limits the effectiveness of this method, although fitting number of 
blinks per fluorophore to known functions has allowed effective counting (Hummer, 
Fricke, and Heilemann 2016; Krüger et al. 2017). The narrower the distribution of 
blinks, the more accurately the calibration can be for counting. Randomly labelled Abs 
contain distributed numbers of fluorophores per particle, making this calibration even 
more difficult. GFPNbCy3cy5 was expected to have one Cy5 per particle, so the 
distribution of blinks per particle should be lower than AbCy3Cy5, and this could be 
advantageous in counting experiments. The number of blinks per particle for both 
constructs is displayed in Figure 4.16C. Broadly speaking the blinking histograms 
were quite similar for GFPNbCy3Cy5 and AbCy3Cy5, however, the absolute range, 
inter-quartile range, mean and median values for GFPNbCy3Cy5 were considerably 
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lower, because AbCy3Cy5 produced a long tail. This was probably because there were 
multiple Cy5 fluorophores per AbCy3Cy5 particle, which means a larger number of 
blinks per particle. Twice as many blinks were not observed in most cases because 
the number of blinks per fluorophore was random and they seem likely to have 
overlapped by fluorescing in the same frames a significant proportion of the time. The 
number of blinks did not take into account simultaneous activation of more than one 
fluorophore in the same spot, which counted as one blink rather than multiple. This 
GFPNbCy3Cy5 behaviour is indicative of a more predictable STORM probe that is 
potentially suited for counting experiments, future work could use this sort of data to 
attempt counting using methods published by the Heilemann laboratory (Hummer, 
Fricke, and Heilemann 2016; Karathanasis et al. 2017; Krüger et al. 2017; Malkusch 
and Heilemann 2016). 
Another method previously used for quantification of dyes was to count the number of 
localisations per particle, and use the median combined with a calibration curve (Ricci 
et al. 2015; Zanacchi et al. 2017). We therefore compared the same constructs in terms 
of number of localisations to see if GFPNbCy3Cy5 was significantly different to 
AbCy3Cy5, the data are shown in Figure 4.16D. The results were similar to the number 
of blinks, because the histograms look fairly similar by eye, but GFPNbCy3Cy5 
produced a lower absolute range, interquartile range, median and mean, indicating that 
it is more consistent, and may be better for counting using that method as well. This 
benefit could be most useful when trying to resolve numbers of fluorophores that are 
very close or with relatively small numbers of particles, because using the median 
number of localisations only works with a very large number of particles or where the 
difference between two samples is large. The greater consistency of GFPNbCy3Cy5 
may be beneficial for counting with this method.  
These methods of comparing GFPNbCy3Cy5 and AbCy3Cy5 strongly indicate that 
that there is only one Cy5 fluorophore per GFPNbCy3Cy5 particle, but multiple – up to 
5 or more on each AbCy3Cy5 particle, some of which emit in the same frame. The 
result is that the number of detected photons, total on-time and the number of blinks is 
measurably less for GFPNbCy3Cy5. This is strong evidence that the one-to-one 
labelling method has been successful and is measurably superior compared to the 




This work has shown that the GFPNbCy3Cy5 STORM probe synthesised previously 
is functional for STORM because the Cy5 activation is dependent on the power of an 
activation laser pulse. That activation was shown to be specific to the intended 
activation laser with very low crosstalk at most activation laser powers. These results 
were comparable to control Abs randomly labelled with Cy3Cy5 or Alexa405Cy5, as 
used in previous reports (Ricci et al. 2015; Bates et al. 2007, 2012; Lakadamyali et al. 
2012), which indicates that GFPNbCy3Cy5 could be used for multicolour STORM 
imaging. When a second STORM pair containing Alexa488 and Cy5 was attached to 
the same GFPNb there was no evidence of activation by the 488 nm laser, so it was 
deemed to be non-functional for STORM  
Quantitative comparison of GFPNbCy3Cy5 and AbCy3Cy5 using single particles and 
ensemble statistics show that GFPNbCy3Cy5 has fewer Cy5 fluorophores per particle 
– most likely the designed one-to-one ratio. This results in a narrower distribution of 
detected photons, total on-time, number of blinks per particle, and number of 
localisations per particle. This is strong evidence that GFPNbCy3Cy5 is a superior 
construct for counting, because calibration would be much more precise with that 
narrower distribution. 
Due to time limitations, it was not possible to label the mCherryNb and to attempt either 
dual colour imaging or quantitation of biological targets, but the collect data indicates 





The investigation into potential multicolour imaging (sections 4.2.3 and 4.2.4) 
demonstrated that the GFPNbCy3Cy5 STORM pair and two controls AbCy3Cy5 and 
AbAlexa405Cy5 all have Cy5 activated by their respective activator lasers, and exhibit 
a crosstalk of 0.01-0.3 with other activator lasers in the range 0.5-2 W/cm2. The 
GFPNbCy3Cy5 and AbCy3Cy5 constructs were both more specific than the 
AbAlexa405Cy5 by about ~10-fold. This difference was probably due to different 
imaging conditions, which were improved by increasing read-out laser power and 
optimising illumination, for the later imaging of the Cy3Cy5 constructs, so this may not 
be a real difference. Published reports have shown crosstalk of <10% for Alexa405Cy5 
and <10% for Cy3Cy5 (Bates, Blosser, and Zhuang 2005; Bates et al. 2007), so the all 
three constructs seem with the acceptable range for multicolour imaging, although in 
some cases the Alexa405Cy5 crosstalk has been observed to be immeasurably low 
(Bates et al. 2007). Whilst it is important to have as low a crosstalk as possible, these 
values should be good enough for dual-colour imaging, as previously reported. To 
improve the crosstalk for improved channel un-mixing it would be advantageous to try 
to lower the crosstalk of the AbAlexa405Cy5 construct – this could be done by 
optimising illumination conditions for this construct too. 
The effect of the 488 nm laser on both Alexa405Cy5 and Cy3Cy5 was noted to be 
considerable, and this also reflects previous reports of crosstalk of 10-20% (Bates et 
al. 2007, 2012). This result is probably why recent dual colour STORM studies prefer 
the combination of Alexa405Cy5 and Cy3Cy5 rather than Cy2 or Alexa488 as 
activators (Ricci et al. 2015).     
For fixed cell imaging, however, new controls are necessary because crosstalk will 
probably be different in HILO illumination required for cell work. In some cases, the 
crosstalk has been measured from the real sample of interest (Bates et al. 2012), 
because the STORM pairs were spatially separated, allowing for internal controls. This 
was effective because it accounts for any change in setup that may accidentally occur 
between control and real samples, but is unlikely to be possible in co-localisation 
experiments, for example. 
Published STORM work has used predominantly randomly labelled Abs (Ricci et al. 
2015; Zanacchi et al. 2017; Bates et al. 2007, 2012). The random nature of the labelling 
leads to quantification artefacts, which have been qualitatively observed here. They 
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broaden distributions of detected intensity, blinks and total on-time for single particles, 
whereas, the GFPNbCy3Cy5 construct here has much narrower distributions. The 
important role of one-to-one characterised here may allow quantitative imaging, and 
may also be combined with multicolour imaging, for additional benefits. The results 
described here are also likely to apply to the previously reported singly labelled Nbs 
developed by Plenier et al (2015), although they were only used for dSTORM.  
The photophysical characterisation carried here clearly shows that the GFPNbCy3Cy5 
construct has less variable distributions of all the characteristics measured. However, 
time limitations prevented attempts at counting molecules in biologically relevant 
samples. In one respect ‘counting’ was done by the identification of multiple Cy5 
fluorophores in most imaged AbCy3Cy5 particles via the intensity of photons detected, 
which can in low numbers of molecules be used as a method for counting. However, 
with numbers above ~5, the Gaussian distribution of fluorescence intensity makes 
counting very difficult, and this is also true of counting blinks, which has been done 
with PA-FPs that blink to a low extent (Lando et al. 2012; Annibale et al. 2011), but not 
for dyes that blink up to ~100 times (Heilemann et al. 2005). One measure that is 
apparently consistent for the GFPNbCy3Cy5 construct is the total photons and total 
on-time, which when plotted together produced a very linear distribution that was 
specifically bounded at 100,000 photons and 200 frames (500 photons from every 
frame). It may be that this parameter could be most used to count the number of 
fluorophores in a diffraction limited area, especially since it is more likely to have a true 
Gaussian distribution. Future work could investigate this possibility by counting the 
number of photons per frame for a particle and dividing it by the consistent ~500 
photons per frame observed here. 
It is important to note that the analysis of suitability for counting experiments here has 
been done on all localisations regardless of where they appear during the videos. 
STORM analysis only assigns channels to particles that are have been activated in at 
least one specific activation pulse, and so will only use a subset of all localisations. 
Therefore, the results here may not apply to counting with STORM data. The results 
here do apply directly to dSTORM analysis, which would use all localisations, in the 
same way this analysis has. The results are likely to be the same for STORM but a 
comparison is necessary to verify this, especially in the possible case of quantitative 
dual colour STORM, which may complicate the analysis. 
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This investigation has only used one buffer system for STORM imaging, the 
conventional GLOX buffer containing an oxygen scavenger system and cysteamine 
(MEA) to maintain consistency and comparability with previous studies (Ricci et al. 
2015; Bates, Blosser, and Zhuang 2005; Bates et al. 2007, 2012). However, alternative 
buffer systems (Olivier et al. 2013; Aitken, Marshall, and Puglisi 2008) and additives 
such as COT (Olivier et al. 2013) have been shown to improve photophysical 
characteristics of cyanines for SMLM. There was insufficient time to investigate the 
effect of these systems, but it may prove beneficial to characterise their effect on the 
photophysics for counting and multicolour STORM as well.  
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5 Discussion and Future work 
5.1 Aims and results summary 
The main aims of this work were to synthesise one or more STORM pairs that were 
labelled with activator and emitter dyes in a one-to-one ratio, test successfully 
synthesised constructs for correct targeting in fixed cells, and for multicolour and 
quantitative imaging. The one-to-one labelling ratio was thought to be important in 
allowing more quantitative imaging to be done, because most current STORM work 
has used randomly labelled Abs (Ricci et al. 2015; Zanacchi et al. 2017; Bates et al. 
2007, 2012) and random labelling was difficult to correct for in counting experiments 
(Ricci et al. 2015).  
This work used modified peptides to allow one-to-one labelling with the chemospecific 
reactions click and NHS chemistry. The peptides were modified with either HaloTag 
ligands or an SBz group to allow direct labelling of HaloTag fusion proteins or protein 
targeting modules with an N-terminal Cys for NCL. These were adopted as a flexible 
method to facilitate multicolour STORM because similar peptides could potentially be 
labelled with different activator-emitter pairs and targeted to different proteins of 
interest via HaloTag or immune-derived proteins. 
Dual labelled HaloPeptides based on the HaloTag(O2) or HaloTag(O4) ligands were 
successfully synthesised with a variety of activator-emitter pairs. However, when they 
were tested for binding in S. pombe or mES cells, dual labelled constructs could not 
specifically bind and covalently link to Halo-tagged target proteins. Singularly labelled 
Halo(O2)Peptide-sulfo-Cy5 and HaloTag ligand-Atto655 were able to label specifically, 
so adding a second dye appeared to prevent docking and covalent linking. This was 
thought to be either a steric hindrance problem or a non-specific charge interaction 
between the negatively charged dyes and positively charged proteins in cells such as 
histones because HaloTag ligand-Alexa647 also exhibited some non-specific 
interactions. 
An SBz-peptide was also successfully dual labelled with the same chemical reactions 
to two different activator-emitter pairs, and then successfully linked to an expressed 
GFPNb with an N-terminal Cys by NCL. This was also attempted with an mCherryNb, 
and whilst NCL was partially successful, the expressed protein was post-translationally 
modified which seemed to prevent complete NCL. Two scFvs were also designed for 
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NCL but they could not be expressed in the periplasm as required for revealing of the 
N-terminal Cys in these constructs. 
GFPNbCy3Cy5 specifically bound Cnp1-GFP in S. pombe, proving it was a fully 
capable of epitope binding and was also used for SMLM in these cells, showing its 
applicability to fixed cell imaging. This construct, as well as the equivalent 
GFPNbAlexa488Cy5 and two Abs labelled in the conventional random manner were 
assessed for compatibility with STORM on SM surfaces. All except 
GFPNbAlexa488Cy5 showed a fractional increase with their specific activation lasers, 
and little to no fractional increase with non-specific activation lasers. The same data 
was processed using published STORM algorithms (Bates et al. 2007, 2012), which 
showed low crosstalk. Both measures indicate that these three constructs were good 
candidates for multicolour STORM imaging. The GFPNbAlexa488Cy5 construct 
showed no fractional increase with its specific activator laser, so it was concluded that 
this STORM pair was not functional, and it was not characterised further.    
GFPNbCy3Cy5 and AbCy3Cy5 were also compared on SM surfaces for photophysical 
characteristics that may be useful for effective quantitation. It was found that 
AbCy3Cy5 surfaces were heterogeneous with many single particles containing more 
than one Cy5 fluorophore each, up to ten were imaged in some cases as was expected 
for random lysine labelling. GFPNbCy3Cy5 surfaces on the other hand were more 
homogenous, with particles containing two Cy5 fluorophores very rare and more than 
two not observed. This difference in single particles was reflected in averages over 
~300 particles, where GFPNbCy3Cy5 showed a tighter distribution in detected 
photons, maximum intensity per trace, blinks and total on-time. These characteristics 
are suited to better quantitative imaging than randomly labelled Abs.  
With respect to the aims at the start of this project, one-to-one dual labelled activator-
emitter constructs for STORM have been successfully synthesised, testing has 
confirmed that they bind specifically to their targets and work in multicolour and 
quantitative imaging on glass. Time constraints have prevented these from being 
extended into multicolour or quantitative imaging in cells, but future work based on 
what has been learnt here is now feasible. 
5.2 Future directions: improving these constructs 
These constructs were completely new designs and so it might be possible to improve 
them with small changes to design or practice. 
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The HaloPeptides were generally unsuccessful because when dual labelled with Cy3 
and sulfo-Cy5 or Alexa488 and sulfo-Cy5 they appeared to bind non-specifically 
throughout the cells they were tested in. One possible explanation of this is that the 
negatively charged dyes caused charged interactions with positively charged proteins 
in the cells, such as histones. To test this hypothesis, the HaloPeptides could be 
labelled with less negatively charged dyes, for example Cy5 (unsulphonated). 
Activator-emitter pairs including this cationic dye, might be less inclined to bind non-
specifically. Whilst Halo(O4)-Cy5 was synthesised, there was insufficient time to dual 
label and test that construct, especially with its hydrophobic nature and incompatibility 
with aqueous solutions. Possibly carrying out the NHS reaction first might allow for a 
more amenable construct. Similarly, less charged version of the activator dyes might 
be preferable. There is currently no unsulphonated version of Cy3 available, but 
Alexa488 has less charge and Alexa405 is more charged. Using the less charged dyes 
might also be beneficial. 
An alternative design strategy might be to use SNAP-tag ligand-based peptides 
instead of HaloTag ligands. This has been achieved with a SNAP-tag STORM pair with 
Cy3 and sulfo-Cy5 (Dellagiacoma et al. 2010), where the dyes were both linked using 
sequential NHS reactions and protective chemical groups in a four-step synthesis 
(Dellagiacoma et al. 2010 – supporting information). The BG moiety for SNAP-tag 
contains amines so it was surprising that chemospecific reactions were achieved 
without compromising ligand binding, although yields of some steps were less than 
50% which may reflect this. This was a more difficult synthesis than those carried out 
here, but it was shown to be effective, and so maybe useful for multicolour quantitative 
STORM imaging.  
Another alternative could be to design the peptides with multiple sites for labelling with 
dyes. Whilst this project was based on a one-to-one ratio of activator to emitter, the 
photophysical results suggest that the critical ratio might be the targeting domain to the 
emitter dye, because having one Cy5 in GFPNbCy3Cy5 narrowed the photophysical 
distributions compared to the randomly labelled AbCy3Cy5. This does not conclude 
anything about the number of activators, and Abs are often labelled with more than 
one dye per Ab on average. Adding reactive lysines for more than one activator may 
improve some characteristics. For example, it was noted that AbCy3Cy5 had slightly 
lower crosstalk than GFPNbCy3Cy5 (Figure 4.11), which may be a result of fewer 
activator dyes. Quantification of any effect would be informative.   
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The SBz-peptide was also successfully labelled, which made it potentially useful for 
reacting with any targeting protein with and N-terminal Cys. Nbs against mCherry and 
GFP were used for NCL here, but this could now be extended to other Nbs, scFvs or 
other suitable proteins. The mCherryNb was not satisfactorily expressed and purified 
and some work could produce another construct for multicolour imaging there. Also, 
anti-FLAG and anti-CHD4 scFvs generated by MedImmune were designed with N-
terminal Cys for NCL and further investigation may find that they are also suitable for 
multicolour quantitative STORM. Time limitations prevented investigation into this 
avenue during this thesis. However, the N-terminal covalent modifications observed 
for both the GFPNb and mCherryNb may be a general effect of expressing proteins 
with an N-terminal Cys. To make the method used here generally applicable, it would 
be desirable to determine exactly what those modifications are and how to avoid them 
in future constructs. 
This work used the strategy of NCL via an N-terminal Cys revealed by signal peptidase 
cleavage in the periplasm, which required a periplasmic expression system. This is not 
the only way to generate an N-terminal Cys, and other strategies may be worth 
investigating. One method that may be used is protease cleavage during purification, 
common proteases used include TEV and thrombin. Use of these enzymes is usually 
combined with cytoplasmic expression, which has the benefit of much greater protein 
yield. Two reports have shown folded Nbs can be expressed in the cytoplasm in E. coli 
(Kubala et al. 2010) and HEK 293T cells (Kirchhofer et al. 2010) whilst others also 
used periplasmic expression (Saerens et al. 2004; Rothbauer et al. 2006), so seems 
likely that cytoplasmic expression could be combined with proteolytic cleavage to 
reveal the N-terminal Cys for NCL. 
Another alternative strategy could be to employ maleimide linking of dual peptides to 
targeting proteins like Nbs. This method has been successfully used to image NPC 
components at high resolution with dSTORM, and with minimal epitope-fluorophore 
displacement producing impressive results, although not attempting quantification 
(Pleiner et al. 2015) and not with STORM. This approach would require a peptide 
designed with a maleimide group instead of an SBz or ligand group, and a targeting 
protein with a reduced surface Cys for reaction. It would also be compatible with NHS 
and click chemistry since it uses sulphydryl groups that are not reactive towards NHS 
esters nor azides.  
163 
 
5.3 Limitations of this approach 
The approach investigated here has shown several limitations, which might be possible 
to overcome with small adjustments or need entirely different labelling strategies. 
One example was the HaloPeptide construct, which although not rigorously tested with 
suggestions such as uncharged dyes seems quite likely to not work for STORM at all. 
This is an important finding for all SMLM laboratories, because it could save 
considerable time and effort in making similar constructs that cannot bind HaloTag 
specifically in cells. Indeed, it may have already been found in other laboratories, but 
has gone unpublished. 
The N-terminal Cys approach has also proven to be a limiting factor because 
periplasmic expression is limited by the number of periplasmic transporters, so 
produces a modest yield of protein, in our experience ~1 mg per L of culture. The 
modifications of the GFPNb N-terminal Cys then reduce the yield further because the 
monomeric fraction was usually modified to a much greater extent and we only labelled 
dimer GFPNb after gel filtration chromatography, which loses approximately half of the 
NiNTA purified protein. Indeed, this problem led work with the mCherryNb being 
abandoned completely. Further optimisation of the N-terminal expression is therefore 
required, and to investigate what causes these modifications and how to avoid them. 
Other approaches previously mentioned such as maleimide linkages, or cytoplasmic 
expression might circumvent this problem completely and allow a simpler purification 
protocol. 
Generally, these protein and SBz-peptide constructs appear to work well, but their 
synthesis has required too much time, and has resulted in less attention and 
optimisation on the imaging side of this project. Presumably this is often the case with 
more complex imaging constructs such as Abs linked to docking strands for PAINT 
(Jungmann et al. 2014), and requires a more concerted effort from multiple specialists 
such as synthetic chemists, biochemists and imaging specialists. This time-consuming 
part of SMLM may be why such complex constructs are not reported more commonly 
and researchers prefer to use well characterised although possibly less optimal 
constructs such as randomly labelled Abs.  Nevertheless, the optimisation work 
presented here in design, synthesis, expression and purification should allow more 
streamlined synthesis of dual labelled peptides and protein targeting domains that 
could be more quickly used for imaging experiments than previously. 
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5.4 Future directions: quantitative imaging 
This construct has yet to be fully tested for quantitative imaging applications. Previous 
SMLM work including attempts at quantitative imaging have used various well 
characterised system as a benchmark, to allow good comparison with other methods, 
these include DNA-origami structures (Hummer, Fricke, and Heilemann 2016; 
Karathanasis et al. 2017; Zanacchi et al. 2017), the NPC (Zanacchi et al. 2017; Pleiner 
et al. 2015; Anna Löschberger, Niehörster, and Sauer 2014; Schermelleh et al. 2008; 
Szymborska et al. 2013), and nucleosome arrays (Ricci et al. 2015). To quantitatively 
compare this construct to others and validate the potential benefit of the one-to-one 
ratio of Cy5 to targeting module one of these systems is necessary. Future work could 
therefore investigate these systems. DNA-origamis are difficult to target with proteins, 
although not impossible (Zanacchi et al. 2017), whereas, targeting of the NPC is much 
simpler, especially since GFP fusions for some constituents are already available 
(Szymborska et al. 2013), this would suit the GFPNbCy3Cy5 construct, and may be 
worth investigating, as well as testing the similar Nbs with maleimide linked dyes 
developed by Pleiner et al (2015), which may be similarly suitable for quantitative 
imaging. 
Computational modelling of blinking is now a powerful method for quantitative imaging 
(Hummer, Fricke, and Heilemann 2016; Karathanasis et al. 2017). Whilst constructs 
like GFPNbCy3Cy5 may offer better quantitative imaging compared to randomly 
labelled Abs and similar constructs, it would be even more effective to combine the 
best constructs with the best modelling. Currently the GFPNbCy3Cy5 construct and 
the singly labelled Nbs for dSTORM (Pleiner et al. 2015) seem as though they provide 
advantages over other dye labelling methods, so combining them with the methods 
used for dye blink modelling (Karathanasis et al. 2017) might lead to the best 
quantitative imaging currently possible. 
Quantitation using STORM has been reported twice (Zanacchi et al. 2017; Ricci et al. 
2015). Ricci et al (2015) achieved this by measuring the number of blinks in calibration 
samples of nucleosome arrays with known number of nucleosomes and applied this to 
imaging nucleosomes in cells, which was not counting absolute numbers of 
fluorophores. Zanacchi et al (2017) quantified absolute numbers with DNA-origami and 
NPC imaging. Both reports use Insight3 and other custom software for analysis, so to 
achieve similar results with the constructs described here would require similar code 
development and application. Currently, it is not clear whether STORM or dSTORM is 
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more useful for quantitative imaging, although both are progressing quickly. Certainly, 
the application of counting to the multicolour strength of STORM is highly desirable. 
The constructs developed here have the benefit that they could be adapted for either 
by adding suitable dyes in the peptide synthesis steps. 
5.5 Future directions: multicolour SMLM 
The construct has also yet to be used for dual imaging, although all indications show 
that this should be entirely possible. The Cy3Cy5 and Alexa405Cy5 pair both showed 
low crosstalk and so a double IF experiments with suitable targets should not be very 
complicated. Previous multicolour STORM reports have begun with imaging spatially 
separated target proteins, to prevent crosstalk (Bates et al. 2007, 2012), and SMLM 
imaging studies often use well characterised systems such as cytoskeletal proteins for 
this (Malkusch et al. 2012; S. Van De Linde et al. 2011; Heilemann et al. 2008; Bates 
et al. 2007; Lampe et al. 2012; Dellagiacoma et al. 2010). This would therefore be a 
good starting point for future work with these constructs, and is likely to succeed with 
these activator-emitter pairs. Previous work has also carried out crosstalk 
measurements with only the doubly-labelled sample, provided the two colours are 
spatially separated (Bates et al. 2007, 2012), this could also be done here and the only 
variables would then be the laser powers, which must be tuned optimally to get good 
emitter brightness, and ideal activation with each laser pulse. The 405 nm laser has 
been observed to over-activate fluorophores in biological samples, and so a 
compromise between obtaining few enough on-events per frame and high enough 
power to minimise crosstalk may be challenging. This may also be the case for 561 
nm laser. 
However, whilst dual colour STORM has been used more widely (Bates et al. 2007, 
2012; Ricci et al. 2015; Lakadamyali et al. 2012; Huang, Jones, et al. 2008) three or 
more colours has rarely been used (Bates et al. 2007, 2012). This may be because of 
the increased crosstalk observed in this regime when using the 488 nm laser (Figure 
4.11), which probably results in fewer assignments in the 488 nm and 561 nm 
channels, and so poorer images. To proceed with multicolour imaging of these 
constructs requires optimisation of the activation laser powers in each sample, 
especially the 488 nm laser. Imaging of more than three colours with STORM has not 
been addressed here and would require much more work to investigate the labelling 
with compatible emitter dyes Cy5.5 and Cy7, their photophysical properties and an 
optical setup to allow their use. Future work could investigate this possibility, although 
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the limiting factor is likely to be targeting constructs for as many colours. The 
GFPNbCy3Cy5 construct is the only one generated here with satisfactory results, 
although the mCherryNb could also be used for non-quantitative imaging. Further 
colours would require further targeting approaches such as the anti-FLAG and anti-
CHD4 scFvs or SNAP-tag ligand. Triple-colour STORM imaging is therefore not likely 
in the immediate future, but dual colour is. 
What is also of interest is the targets that maybe chosen for application of dual-colour 
imaging. It is initially necessary to use benchmark cytoskeletal proteins, but there is 
little biological interest imaging them. It would be of greater interest to use multicolour 
imaging to look at nuclear protein interactions. Nucleosomes and RNAPII have been 
imaged with STORM previously (Ricci et al. 2015) and determined that RNAPII activity 
causes fewer nucleosomes to cluster into clutches in pluripotent cells compared to 
differentiated cells. It would be similarly interesting to use dual-colour STORM to 
investigate complex formation in the nucleus, for example the NuRD and polycomb 
complexes have many constituents that are only sometimes bound to the complex, 
these interactions would be interesting to study with STORM.  
6 Materials and Methods 
6.1 Materials 
6.1.1 Chemicals and reagents 
Reagent Supplier 
Ampicillin Melford 
Acetonitrile (ACN) Honeywell 
Bacto-agar Formedium 
Chloramphenicol Duchefa Biochimie 
Coomassie stain (Instant Blue) Expedeon 
DTT (Dithiothreitol) Melford 
FPLC Gel Filtration columns and machines GE Healthcare 
Formaldehyde 16% (w/v) methanol-free ThermoFisher Scientific 
HaloPeptides & SBz-peptides  Cambridge Peptides  
HaloTag ligands Promega 
Kanamycin Melford 
Milk Marvel 
Miniprep kits Quiagen 
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Ni-NTA superflow resin Qiagen 
PBS (137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4) Oxoid Ltd 
protease inhibitor cocktail (IV, EDTA-free) Roche 
PVDF membrane Millipore 
SDS-PAGE Gels (NuPage 4-12& Bis-Tris Novex, Life Technologies 
TCEP (Tris(2-carboxyethyl)phosphine) Generon 
Trifluoroacetic Acid (TFA) ThermoFisher Scientific 
Tris (Tris(hydroxymethyl)aminomethane) Melford 
Tryptone Formedium 
Yeast Extract Formedium 
  






Polymerases Q5 and DreamTaq NEB 
Restriction enzymes:  
SacI, XbaI, NdeI, NotI 
NEB 
T4 Ligase  NEB 
Zymolyase USBiological life sciences 
Gibson Assembly kit NEB 
 
6.1.3 Plasmids and DNA 
Construct Supplier 
pSANG10 vector A gift from John McCaferty 
pSANG10 derivatives containing scFvs Genscript 
pOPIN-E containing mCherryNb Genscript 
pOPIN-E vector containing initial GFPNb Collins laboratory via Addgene 





Cy3-NHS Lumiprobe or GE Healthcare 
Sulfo-Cy5- N3 Lumiprobe 
Cy5- N3 Lumiprobe 






Antibody       Supplier 
rabbit derived C-terminal specific anti-His-tag  
primary (mouse, 121M4789) 
Sigma-Aldrich 
Anti-mouse IgG (RMG07, monoclonal) Abcam 
Mouse primary IgG (ab80892, polyclonal) Abcam 
Anti-Rabbit IgG (RMG02, monoclonal) Abcam 
Rabbit primary, anti-βtubulin (ab179153) Abcam 
 
6.1.6 E. coli strains 
Strain name Genotype (supplier) 
DH10TM  F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 recA1 endA1 araD139 Δ(ara, leu)7697 galU galK λ- 
rpsL 
nupG / pMON14272 / pMON7124 (Invitrogen) 
BL21(DE3)pLysS (F- ompT hsdSB (rB-mB-) gal dcm (DE3) pLysS 
(CamR); Invitrogen) 
LEMO21(DE3) fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS/ pLemo(CamR) 
 λ DE3 = λ sBamHIo ∆EcoRI-B int::(lacI::PlacUV5::T7 gene1) 
i21 ∆nin5 
pLemo = pACYC184-PrhaBAD-lysY (NEB) 
 
6.1.7 S. pombe strains 
Strain name Genotype (supplier) 
Mis6-Halo h+ ade6-210 leu1-32 ura4-D18 mis6-Halo 





6.2 scFv expression in E. coli 
6.2.1 Transformation 
The transformation protocol was the same for all constructs that were already 
characterised. Approximately 1 ng of plasmid DNA was added to 50-100 of either the 
LEMO21 or BL21 strains whilst thawing on ice and incubated for approximately 30 
minutes. They were then heat shocked in a water bath for 45 seconds at 42⁰C, before 
being returned to ice for 2 minutes to recover. 1 ml of LB (Lysongeny Broth, Bertani 
(1951)) medium was then added, and the mixture incubated at 37⁰C for approximately 
1 hour. The cells were pelleted by centrifugation at 3,000g for one minute, and 900 µl 
of the medium removed. The remaining 100 µl was then spread on an LB-agar plate 
with the appropriate antibiotic added for selection. Plates were incubated overnight at 
37⁰C to allow the colonies to grow. 
6.2.2 LB culture incubation 
Starter cultures were grown up overnight by either by picking one colony from 
transformation plates, or by adding 1 mL of glycerol stock to 10-20 mL LB plus 
respective antibiotics (kanamycin 50 µg/mL for pSANG10 selection, and 
chloramphenicol 34 µg/mL for pLEMO selection) and rhamnose at 0.5 mM for the 
LEMO21 strain, and incubating whilst shanking overnight at 37⁰C.  
These cultures were grown until stationary phase, and were then diluted 50-fold in 
either 50 or 500 mL flasks of LB plus antibiotics (plus varying rhamnose concentrations 
for LEMO experiments). These were also left shaking at 37⁰C. 
6.2.3 IPTG induction 
Cultures were then grown until OD (optical density) 600 = 0.3-0.4, at which point they 
were induced with 0.4-1 mM IPTG (isopropyl-β-D-1-thiogalactopyranoside), and grown 
for 3-5 hr at 16⁰C, 30 or 37⁰C overnight for. 
6.2.4 Periplasmic extraction 
The periplasmic fraction was extracted from the bacterial cultures according to 
previously designed protocols specifically for scFvs (Martin et al. 2006). The cultures 
were pelleted at 3,000 g for 10 min, re-suspended in 1/20th the starting volume of 30 
mM tris pH 8.0; 1 mM EDTA; 20% sucrose (w/v) plus 25 U/mL benzonase, 0.1 mL/mL 
protease inhibitor cocktail IV and 1.5 kU/mL lysozyme. After 10 minutes on ice, the 
cells were pelleted at 3,000 g for 10 minutes, the supernatant decanted and kept on 
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ice. The remaining pellet was re-suspended in 1/20th the starting volume of 5 mM 
MgSO4 plus 25 U/mL benzonase, 2 μL/mL protease inhibitor cocktail IV and 1.5 kU/mL 
lysozyme, and incubated on ice for 10 minutes. The supernatant of this and the 
previous step (both the periplasm) were pooled. The periplasmic fraction was then 
spun at 16000 g for 20 min to pellet any remaining cellular debris, and the supernatant 
decanted and kept on ice. 
6.2.5 His-tag purification 
The relevant cell fraction was added to ~ 0.5 mL Nickel nitrilotriacetic acid (Ni-NTA) 
beads, which had been pre-equilibrated in 1x PBS (137 mM NaCl, 3 mM KCl, 8 mM 
Na2HPO4, 1.5 mM KH2PO4) with 10 mM imidazole and mixed end-over-end overnight 
at 4⁰C. The beads were then washed in three column volumes of 20 mM imidazole in 
3x PBS pH 8.4 several times; and the protein eluted in 3-10 mL of 400 mM imidazole, 
500 mM NaCl, 50 mM tris, and pH 8.4. 
6.3 Nanobody protein expression in minimal medium 
Transformations were carried out in the same way as for the scFv expression protocol. 
6.3.1 Starter Cultures 
Starter cultures were grown in 50 mL LB with 100 µg/mL for pOPIN-E selection and 
chloramphenicol 34 µg/mL for pLEMO selection overnight or until saturation.  
6.3.2 Incubation in minimal medium 
The whole 50 mL starter culture was added to 1 L of filter sterilised minimal medium, 
containing 42.3 mM Na2HPO4, 22 mM KH2PO4, 9.3 mM NH4Cl, 9.1 mM NaCl 1 mM 
MgSO4, 300 µM CaCl2 with trace quantities of EDTA, FeCl3, ZnCl2, CuCl2 CoCl2, H3BO3 
MnCl2, and had 0.4% glucose, 100 µg/mL ampicillin, 34 µg/mL chloramphenicol plus 
1 µg/mL biotin and thiamine added immediately before the cells (1 mL 1000x biotin & 
thiamine). 1 L cultures were grown whilst shaking at 37°C for approximately 7 hours or 
until OD600 ~ 0.7-0.8, when the cells were induced with 2 mM IPTG and the incubation 
temperature lowered to 16°C and grown for a further 2-4 hours.  
6.3.3 Media extraction 
Cells were removed by centrifugation at 3,000g for 15 min using a JLA10.5 rotor and 
Beckman-Coulter bucket centrifuge, and the supernatant was decanted and saved. 1 
mL samples of the cell pellet and supernatant were taken for subsequent SDS-PAGE 
analysis. The cell pellets were then discarded. The supernatant was then spun again 
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at higher 15,000g for 30 min using the same rotor to remove cellular debris and large 
complexes. 
6.3.4 His-tag purification 
The supernatant was then applied to ~5-10 mL Ni-NTA superflow beads in a gravity 
column, which had been pre-equilibrated in 1x PBS (137 mM NaCl, 3 mM KCl, 8 mM 
Na2HPO4, 1.5 mM KH2PO4) with 10 mM imidazole. The supernatant was allowed to 
flow through the column, with no additional incubation time. After the whole 
supernatant had passed over the beads, they were washed in ~50 mL of 20 mM 
imidazole in 3x PBS pH 8.4. The protein was then eluted in 3-10 mL of 400 mM 
imidazole, 500 mM NaCl, 50 mM tris, and pH 8.4. The samples eluent fractions were 
pooled, concentrated into ~ 0.5 mL with a 5 KDa molecular weight cut off (MWCO) spin 
columns and buffer exchanged into 0.2 M K2PO4/KHPO4, pH 7.0. 
6.3.5 FPLC Gel Filtration 
The protein was then purified by gel filtration on an S75 24 mL Sephadex column using 
an Akta Explorer (GE Healthcare), with 0.2 M K2PO4/KHPO4 pH 7.0 running buffer. 
The fractions for each peak were then pooled as appropriate and concentrated into 
~0.5 mL using 5 KDa MWCO spin columns. As soon as possible the purified protein 
was used for NCL and stored in 0.2 M K2PO4/KHPO4 pH 7.0 containing 2.5 mM TCEP 
at 4°C. 
6.4 Protein Analysis 
6.4.1 Western Blotting 
A standard SDS-PAGE gel (4-12% bis-tris; Novex, Life Technologies) was run at 200 
V for ~40 min and transferred to a Polyvinylidene fluoride (PVDF) membrane in transfer 
buffer (192 mM glycine, 25 mM Tris, 20% methanol (v/v)) at 150 mA for 90 min. This 
was blocked using 5% milk in PBS at room temperature (23°C) for 1 hour before 
primary staining using a rabbit derived C-terminal specific anti-His-tag Ab (Sigma-
Aldrich, mouse, 121M4789), shaking for 1 hour in PBS, and secondary Ab staining 
with an anti-rabbit secondary Ab from goat, conjugated to peroxidase. It was then 
washed 3 times, 10 min each, shaking, in PBS. Bands were visualised by incubating 
the PVDF membrane in 0.1 M Tris-HCl pH 8.6 with 0.0006% hydrogen peroxide v/v, 
67 micromolar (μM) p-coumanric acid, and 1.26 mM luminol for 1 min and exposing 
the membrane plus film for 1-600 s and the film developed. For the images in Figure 
3.7 the developed film was placed on top of the membrane to visualise the pre-stained 
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protein markers relative to the His-tag stained bands. The positive control for the Blot 
was p48 (48 KDa) with a C-terminal His-tag.  
6.4.2 MALDI-MS 
MALDI-MS was carried out on site at the protein and nucleic acid chemistry facility at 
the Department of Biochemistry. The work was done by Dr Len Packman and Dr Mike 
Deery and his team. For proteins analysis was done on ~10 μM samples in aqeous 
solution, for labelling peptides analysis was carried out on similar concentrations 




6.5 DNA cloning 
6.5.1 Cloning of scFvs 
Both scFv constructs were purchased from Genscript as plasmids containing the scFv 
ORF with the PelB signal sequence. To maximise the chances of good expression the 
PelB signal sequence was also substituted for the DsbA signal sequence to maximise 
the chance of it expressing correctly. To do this the PCR primers shown in Table 6.1 
and 6.2 were used to synthesise a small fragment that was cloned in using 
conventional NdeI and NotI digestion of PCR product and plasmid followed by T4 
ligation. Correct clones were selected by DNA Sanger sequencing. 
Forward primer (to insert DsbA signal 





Reverse primer (containing NotI site) ATGATGTGCGGCCGCGCGTTT 
 
Table 6.1 – Primers used to clone the DsbA signal sequence into the anti-FLAG scFv to replace the PelB 
sequence in the purchased plasmid. Orange indicates the DsbA signal sequence, green indicates the N-terminal 
Cys and Glu residues, bold indicates the start codon and underlined are the NdeI and NotI sites used for cloning. 
Forward primer (to insert DsbA signal 





Reverse primer (containing NotI site) ATGATGTGCGGCCGCGCGTTT 
 
Table 6.2 – Primers used to clone the DsbA signal sequence into the anti-c-Myc scFv to replace the PelB 
sequence in the purchased plasmid. Orange indicates the DsbA signal sequence, green indicates the N-terminal 




6.5.2 GFPNb cloning by Gibson Assembly 
The GFPNb gene was obtained from the Collins laboratory via Addgene as expressed 
in Kubala et al (2010). To introduce PelB or DsbA signal sequences at the N-terminus 
of the GFPNb ORF, as well as the signal peptidase site that would reveal an N-terminal 
Cys, the Gibson Assembly cloning method was used. For each signal sequence, two 
PCRs were carried out using the GFPNb-pOPIN-E vector as the template; one PCR 
product contained the sequence to be added to the ORF and one to introduce a XbaI 
cloning site upstream of the ORF. Both PCRs were designed to produce the required 
homology region for Gibson Assembly, the primers for both are shown in Table 6.3 
and Table 6.4. 
The two PCR products were combined by Gibson Assembly into one long DNA 
fragment, then cut with restriction enzymes XbaI and SacI. The parent plasmid was 
also cut with these enzymes, and conventional T4 ligation was used to insert the long 
fragment. The ligation was transformed into DH10 cloning cells and individual colonies 
were screened for successful addition of the signal sequence by Sanger DNA 
sequencing. 
Forward primer 1 (to 
insert DsbA signal 
sequence, with the a 




Reverse primer 1 
(containing SacI site) 
GATGGTGATGGTGATGTTTAGAGCTCACCGT 
  
Forward primer 2 
(containing XbaI site 
upstream of ORF) 
TCTGGCGTGTGACCGGCGGCTCTAGAGCCTCTGC
TA 
Reverse primer 2 (to 




Table 6.3 – Primers used for Gibson Assembly of GFPNb to add the DsbA signal sequence and N-terminal 
Cys. Orange indicates the DsbA signal sequence and in which the homology region for Gibson Assembly falls, 
green indicates the Cys and Glu residues. Underlined nucleotides indicate the XbaI and SacI restriction sites, and 
bold indicates the start codon. 
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Forward primer 1 (to 
insert PelB signal 
sequence, with the a 




Reverse primer 1 
(containing SacI site) 
GATGGTGATGGTGATGTTTAGAGCTCACCGT 
  
Forward primer 2 
(containing XbaI site 
upstream of ORF) 
TCTGGCGTGTGACCGGCGGCTCTAGAGCCTCTGC
TA 
Reverse primer 2 (to 




Table 6.4 – Primers used for Gibson Assembly of GFPNb to add the PelB signal sequence and N-terminal 
Cys. Orange indicates the PelB signal sequence and in which the homology region for Gibson Assembly falls, green 
indicates the Cys and Glu residues. Underlined nucleotides indicate the XbaI and SacI restriction sites, and bold 
indicates the start codon 
 
6.5.3 DNA sequencing 
All DNA Sanger-sequencing was carried out by the in-house DNA sequencing facility 




6.6 Dye-labelling chemistry 
6.6.1 Peptide labelling – click chemistry 
Equimolar proportions of Cy5-N3 and peptide substrate (containing the alkyne group) 
were mixed together with water, 50% DMSO, 0.2 M triethylammonium acetate (TEAA), 
and freshly made 0.5 mM ascorbic acid as per the manufacturer’s instructions. This 
mixture was de-oxygenated by bubbling pure nitrogen gas through for two minutes, 
then 0.5 mM TBTA-Cu(I) complex was added and the mixture again de-oxygenated. 
The reaction was left overnight at room temperature, and the resulting mixture 
separated by RP-HPLC. 
6.6.2 Peptide labelling – NHS chemistry 
Reactions of 25-200 µL were made up in 100 mM NaCO3/Na2CO3 and the non-NHS 
ester reactant was added next at μM-mM concentration. The pH was then altered using 
1 M HCl, and measured using a small volume pH probe (VWR). The desired pH varied 
depending on the experiment. The NHS-ester was then added and the pH could again 
be changed if desired. The reaction mixture was then incubated at 24°C for 1-12 hours 
before separation of products by RP-HPLC. The pH was often measured after each 
individual reagent was added to observe the effect each has on pH, as well at the end 
of the reaction. Various concentrations of DMSO and pH were tested throughout this 
work. 
6.6.3 RP-HPLC  
Purification of the conjugated fluorophore-peptides was carried out using an Agilent 
1100 series HPLC machine equipped with a two-position valve (Rheodyne), 100 ul 
loop (Sigma-Aldrich), a C-18 Security Guard column and a C-18 separation columns 
(both Brownlee). 
Reaction mixtures of either 50 or 100 μL were loaded onto the loop and injected onto 
a Security Guard C-18 reverse phase column via the two-position switching valve. 
Elution was achieved with a gradient of 0.1% trifluoroacetic acid (TFA) in acetonitrile 
(ACN) from 0 to 80% over 20-30 minutes, against 0.1% TFA in water. The precise 
nature of the gradient was tailored to the reaction mixture being purified. 
6.6.4 Native Chemical Ligation 
His-tag purified anti-GFPNb was reacted with RP-HPLC purified SBz-peptide with one 
or two dyes covalently attached using 0.2% (v/v) benzenethiol as a catalyst, at various 
molar ratios, 1:1 or with labelled peptide in slight excess proved most effective for 
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maximum labelling. 25 μL reactions were left at room temperature stirring using small 
magnetic stirrers for ~18-24 h. After the desired period the reaction was halted using 
2 mM TCEP (final concentration). To separate the labelled Nb away from unreacted 
peptide the mixture was made up to 200 µL with Dulbecco’s PBS (DPBS) and 2.5 mM 
TCEP. This was added to a NAP-5 gravity column, which has been previously 
equilibrated in DPBS with 2.5 mM TCEP and allow to run until the bed was dry. 500 µL 
DPBS + 2.5 mM TCEP was then added to allow the mixture to flow into the matrix. And 
300 µL more was added to elute the protein into 300 µL fractions from the column but 
not the unreacted SBz-peptide-dyes. In some cases, the fractions containing labelled 
protein was exposed to another round of NAP-5 purification. The resultant labelling 
could be analysed by Coomassie stained SDS-PAGE, and fluorescence using a 
Typhoon-1000 FLA fluorescence imaging machine (GE Healthcare) as well as MALDI-
MS (see section 6.4.2). The Typhoon fluorescence data was analysed for efficiency 
using ImageJ. 
6.6.5 Random labelling of Abs with NHS chemistry 
Abs were mixed with NHS derivatives of both activator (Alexa405 or Cy3) and emitter 
dyes (Cy5) simultaneously using a protocol from the Lakadamyali group. To achieve a 
close to on-to-one labelling with the emitter, a slight excess of ~1.2-fold of the dye was 
added. For the activator, a larger number of dyes per Ab was necessary to ensure that 
one was close enough to the emitter to allow STORM, so a ~3-5-fold excess was used. 
The reaction mixture was left at 24°C for approximately half an hour, and then 
unreacted and NHS hydrolysed dyes were separated from the protein using a NAP-5 
column, with elution in PBS. The absorption at 280 nm, 650 nm and a wavelength 
appropriate to the activator were used to measure the concentrations of protein, Cy5 
and activator respectively, to provide the degree of labelling achieved. Roughly 0.7-1 
was achieved with the emitter and 1-3 with the activator, although these were average 
measurements.      
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6.7 SM surface imaging, sample preparation and analysis 
6.7.1 Slide and sample preparation 
Glass slides with 800 µl chambers (Ibidi) were cleaned with either 1 M KOH or 2% 
Hellmanex and 15 min sonication, before rinsing in MilliQ water. The surfaces were 
coated with 100 µl poly-L-Lysine and left to settle for 30-60 min, excess liquid was 
removed, and surfaces dried with compressed air. Respective epitopes such as PA-
GFP, or primary Ab were added at variable concentration (10-6-10-9) with 5% BSA 
which all covered the surface and left to settle for 15-30 min. Finally, ~1 µM labelled 
Ab or GFPNbCy3Cy5 was applied to the surface with 0.5% BSA and left to settle for 
15-30 min before excess was washed away with 20 µm filtered PBS. Imaging buffer 
containing 10% w/v glucose, 50mg/ml glucose oxidase, catalase and 100 mM MEA in 
20 µm filtered PBS as previously described (Sebastian Van De Linde et al. 2011) was 
added and the chamber sealed without bubbles with a small coverslip. One sample 
was then imaged for 1-2 hours before the buffer was changed, since the glucose was 
depleted. 
Control slide surfaces were prepared in the same way except that the Ab or GFPNb 
labelled with fluorophores was not added. The imaging buffer and acquisition of data 
was the same for each type of surface and experimental samples.  
6.7.2 Microscope setup 
SR imaging of SM surfaces was carried out on a custom-built Nikon Ti Eclipse 
microscope that has been previously described (Virant et al. 2017). The sample was 
illuminated with an OBIS LX 637 nm laser (Coherent) which was filtered through a 
ZET 640/10 bandpass, modulated by an Acousto-Optic Tunable Filter (Gooch & 
Housego, TF525-250-6-3-GH18) and focused by a ZET405/488/561/640 m dichroic 
mirror (Chroma) onto the back focal plane of the objective, resulting in a final 
intensity of ~300 W cm−2 on the sample. Activation of dye pairs was achieved with 
sequential pulses of 405 nm, 488 nm and 561 nm light (405 nm OBIS, 561 nm OBIS, 
730 nm OBIS, 488 nm Sapphire; all Coherent Inc., Santa Clara, California USA). 
The pulses were controlled by the Acousto-Optic Tunable Filter, triggered every 30 
imaging frames. The readout was collected by blocking the laser light by the 
bandpass ZET405/488/561/640 and passing through a 689/23 nm single-band 
bandpass filter (All filters AHF Analysentechnik AG), then collected by a CFI 
Apochromat TIRF ×100 objective with a numerical aperture of 1.49 (Nikon), recorded 
180 
 
on an iXON ULTRA 888 electron-multiplying charge-coupled device (EMCCD) 
camera (Andor). The pixel size was 129 nm/pixel, the gain due to the EM-CCD was 
109.48 ADU/photon, and a frame lasted 50 ms.15 pulses of each of the three 
activation lasers were recorded for each repetition. The camera, microscope and 
AOTF were controlled by µManager software (Edelstein, Tsuchida et al. 2014) on a 
PC workstation.  
6.7.3 Data acquisition 
SM surface videos were collected with 20000-3000 frames at an exposure length of 
40 ms and the activation lasers pulsing once every 20-30 frames depending on the 
experiments. The 637 nm laser was used at 141.47 W/cm2 and the activation lasers 
were varied for power dependence experiments between 0.005 and 70 W/cm2.   
6.7.4 Fractional increase and photophysical analysis with RapidSTORM 
Localisation lists were generated by RapidSTORM with a fixed global amplitude 
threshold of 25,000, which identifies maxima, fits them to a Gaussian and filters those 
Gaussians using the global amplitude threshold of 25,000 counts per 5x5 pixel square 
(Wolter et al. 2010, 2012). 
The fractional increase upon activator laser illumination was calculated by loading raw 
localisation lists containing X and Y co-ordinates as well as frame number and fitted 
intensity, into Origin software (OriginLab, Northampton, MA). Taking the modulus of 
the frame number for each localisation with respect to the number of frames in one 
pulse cycle and plotting this number as a histogram produced the number of 
localisation for each frame in one cycle. The fractional increase was calculated 
according to Equation 4.7.    
For photophysical characterisation, RapidSTORM localisation lists were used to track 
individual particles through time using custom software (Endesfelder group, 
unpublished), tracked particles were analysed with further custom software; Mistral 
(Endesfelder group, unpublished). Tracks were combined to form traces for each 
fluorophore blink and for each particle, which contains multiple tracks. Tracks 
belonging to particles were manually identified and parameters exported for either 
single particles or many particles, with the first and last frames of each track removed 
because they are often dimmer since the fluorophore is only on for part of a frame. 
Fitted localisation intensity, track length, number of tracks per particle were exported 
for investigation and graphically analysed using Origin (OriginLab, Northampton, MA). 
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Histograms were plotted using bin widths approximately equal to the ideal bin width 
from Feedman-Diaconis – 2(IQR)N-1/3 (summarised in Izenman 1991), but were the 




6.7.5 Crosstalk calculations using PeakFit. 
Calculation of the crosstalk between different activator channels was done using 
custom software written by Dr Alex Herbert for PeakFit based on Bates et al (2007, 
2012). Raw data was analysed using PeakFit (Herbert 2014). Briefly, the algorithm had 
noise reduced, local maxima identified, Gaussians fitted and then successfully fitted 
Gaussians were filtered using SNR = 30, precision = 30 nm, minimum photons = 0 and 
width factor = 0.5. These resulting localisation lists were stored in memory for use in 
the pulse activation analysis plugin. Multicolour STORM images were then 
reconstructed using the crosstalk values calculated and the localisation lists. 
6.7.6 Single particle traces and histograms 
To compare single particles a single dot was selected from a field of view and a ROI 
of at least 6x6 pixels was selected around it in ImageJ. The video of that spot was 
duplicated and checked to ensure there were not more than the one dot appearing 
throughout the video. For fitted intensity histograms, localisations were generated 
using a global amplitude threshold of 25,000. The dot was traced using custom 
software (Endesfelder group, unpublished) and the intensity for each localisation 
exported using further custom software (Endesfelder group, unpublished). 
Localisations at the start and end of a blink were removed by a custom written Python 
script, because the fluorophore may turn on/off halfway through the frame. The 
resulting localisations had their intensity values plotted into histograms using Origin 
(OriginLab, Northampton, MA) or into fitted intensity traces with Microsoft Excel. 
Raw intensity traces were generated from ImageJ, by filtering the duplicated stack it 
for the maximum intensity (process, filter, maximum). The intensity of each frame was 
then plotted against frame number (plot Z-axis profile) and the points exported into 




6.8 Labelling and imaging of S. pombe and mES cells 
6.8.1 Preparation and labelling of S. pombe cells for imaging 
S. pombe cells were grown in Yeast Extra + Supplements (YES) media from plates or 
-80°C glycerol stocks at 30°C shaking until OD600 ~ 0.5-1.0. They were then grown 
for another 24 hours with dilutions in YES keeping them at OD600 <0.6. After 24 hours, 
the cells were grown to OD600 ~0.5 and 2 mL was spun down into a pellet at 3000g 
for 2 min. All washes were done in a 1.7 mL Eppendorf tube each with a spin at 3000g 
for 2 min to re-pellet the cells. The first wash was in 0.5 mL HEMS buffer (20 mM 
HEPES pH 7.5, 1 mM MgCl2, 1 mM EDTA, 1 M sorbitol), then in 0.5 mL HEMS 
containing 2.8 mM BME, then the pellet was re-suspended in 0.5 mL HEMS containing 
0.25 mg Zymolyase 20T, which was left to incubate at 30°C for 30 min. Subsequently, 
the suspension was spun at 2000g for 5 min to prevent cell damage in between 
washes. Pellets were pre-fixed with 0.5 mL HEMS +4% (w/v) formaldehyde for 10 min 
at 24°C min. Two washes in 0.5 mL HEMS removed the formaldehyde and the cells 
were then permeabilised with a quick wash of 0.5% Titon-X-100 and EDTA-free 
protease inhibitor cocktail in HEMS, followed by labelling for at least 1 hour at 24°C in 
HEMS containing 0.1% tween20, 150 mM NaCl, 1 mg/mL BSA, protease inhibitors, 
and ~5 pM of labelled anti-GFPNb. After labelling, the cells were washes three times 
with HEMS containing 0.1% tween20, 150 mM NaCl, 1 mg/mL BSA, EDTA-free 
protease inhibitors, each for 10 min shaking at 24°C. Post-fixation was carried out in 
4% (w/v) formaldehyde for 5 min at 24°C and the fixative was washed once in HEMS, 
once in PBS and twice in MilliQ (MQ) water. The suspension was then mixed 
thoroughly by pipetting with a 2 µL tip, which separates clumps of cells. 2 µL was then 
mounted upon a microscopy dish (Mattek Corporation) which had been treated with 
poly-L-Lysine and allowed to dry for 30-60 min with excess liquid removed by washing 
in DPBS. The cells were then left to settle and stick to the poly-L-lysine at 4°C for at 
least 1 hour. The sample could then be stored for at least 1 week in water at 4°C before 
imaging. Post-fixed cells not mounted could also be kept for subsequent mounting at 
4°C in pure water. 
6.8.2 mESC culture and labelling 
mES cells transiently expressing CENP-A-Eos3.2-HaloTag were generated by 
transfecting an adapted version of an CENP-A-mEos3.2 plasmid (Palayret et al. 2015) 
with HaloTag as well as Eos3.2 (Basu et al. 2018). Cells were grown with maintained 
pluripotency in suspension with LIF media. For labelling, 35 mm glass bottomed 
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imaging dishes (Mattek Corporation) were coated in 0.1% gelatin to allow cellular 
attachment and cells added. After 1-2 days cells were washed once in DPBS and fixed 
in 4% (w/v) formaldehyde in DPBS for 5 min at 24°C before proceeding to the desired 
labelling protocol. 
Fixed cells were blocked with 1 mL 10% BSA in DPBS for 1 hour at 24°C, before 
immunofluorescent probing with ~0.1pM-1 nM labelled GFPNb and 10% BSA in DPBS 
for at least 1 hour at 24°C or overnight at 4°C. Excess probe was washed out with 
three rounds of DPBS, 0.05% Triton-X-1000 and 0.2% BSA, followed by a wash in 
DPBS and post-fixation in 4% (w/v) formaldehyde in DPBS for 10 min at 24°C. Excess 
cross-linker was removed with three washes in DPBS and two further washes in MQ 
water. These samples could then be kept in MQ water at 4°C for several weeks, if the 
sample was not allowed to dry out. 
6.8.3 Microscope setup and imaging. 
All S. pombe GFP-Cnp1 and Mis6-Halo and mES cell CENP-A-Eos3.2-HaloTag 
ensemble imaging was done using a custom-built microscope designed and built by 
the Klenerman & Lee groups at the Department of Chemistry, University of Cambridge. 
It was an inverted microscope (IX71, Olympus, Japan) equipped with a 60x oil 
immersion objective (PlanApo 60x, NA 1.49, Olympus) that resulted in a depth of field 
of approximately 800 nm and had 4 lasers - a 405 nm (Oxxius, Laserboxx 405, 100 
mW); 488 nm (Toptica, iBeam Smart 488 100 mW); 561 nm laser (Cobolt, Jive 200) 
and 641 nm (Coherent, CUBE 640-100C, 100 mW). Excitation light and fluorescence 
light were separated using a dichroic mirror (FF410/504/588/669-Di01, AHF, 
Germany), and appropriate filters were placed in the detection path (488BP, FF01-
S20/35; 561 BP; and 641 LP BLP01-635R, all Semrock). The fluorescence signal was 
recorded with an EMCCD camera (Photometrics Evolve 512). The pixel size was 109 
nm with a gain of 43.5 ADU/photon. The instrument was automated with open-source 
software micro-manager (A. D. Edelstein et al. 2014; A. Edelstein et al. 2010) on a PC 
workstation. 
 
6.8.4 SMLM imaging in S.pombe 
GFP-Cnp1 cells were prepared in the same way as for ensemble imaging (section 
6.8.1) with 1-3 mL with a GLOX scavenger system (Sebastian Van De Linde et al. 
2011) added to lysine-coated microscopy dishes (Mattek Corporation), the lid placed 
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on and sealed with Parafilm. Individual cells were located using white light wide 
illumination and selected using a small ROI. Before SMLM, images in the white light, 
GFP and Cy5 channels were taken, and the Cy5 channel with low 641 nm power, was 
used to focus on one specific centromere cluster for later analysis. Each cell was then 
videoed with a 641 nm laser individually in small ROI to allow minimum exposure time 
~ 10 ms. Initially, the Cy5 fluorophores were turned into a dark state and then began 
to blink for up to ~70,000 frames. Since the centromere was a very small area ~ 200 x 
200 nm, only one fluorophore could blink per frame to allow later localisation. Manual 
561 nm pulses at minimum power were therefore used to increase the speed of 
acquisition. Pulses were kept on for as little time as manually possible (<1 s, probably 
~ tens of frames). As activation had less effect later in the video, 561 nm power was 
ramped via an optical density filter. The powers of the 561 and 641 nm were not 
measured, as this was only preliminary work, and were likely to vary day to day with a 
relatively unstable microscope setup. 
6.8.5 SMLM analysis  
Videos had maxima localised and fitted with RapidSTORM (Wolter et al. 2012)at a 
global threshold of 25,000, and the localisations were manually selected for the cluster 
that appeared to be GFP-Cnp1 foci using Microsoft Excel. The selected localisations’ 
intensity was summed for each centromeric cluster, converted from counts to photons 
and this value was divided by the mean number of photons detected per 
GFPNbCy3Cy5 from SM surfaces (378.9 photons per GFPNbCy3Cy5). Box plots were 






Figure 7.1 – Synthesis of Halo(O2)Peptide-Cy3-sulfo-Cy5. A RP-HPLC trace of Halo(O2)Peptide-sulfo-Cy5 
(synthesis shown in  before and after reaction with Cy3-NHS). B MALDI-MS of the latter reaction peak from A has 




Figure 7.2 – Synthesis of Halo(O4)Peptide-Cy3-slufo-Cy5. A HPLC separation of the products from the reaction 
in red, overlaid with the control reaction mixture containing only sulfo-Cy5, without Halo(O4)Peptide. B MALDI-MS 
verification that peak 2 from A is the intended product, with a measured mass of 1591.65 Da, equal to the predicated 
exact mass. In laid is a zoomed section on the major group of peaks. Each peak is separated from the previous by 
1 Da. C HPLC separation of the products from the NHS reaction with the Halo(O4)Peptide-Cy5 shown in red dotted 
line, and the NHS reaction shown in green, multiple peaks are produced. D MALDI-MS verification that the peak 2 
from C is the intended product. An inset on the main set of peaks is shown, and the first peak has a measured mass 
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